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In dit doctoraatsonderzoek is onderzoek gedaan naar de relaties tussen 
structuur, eigenschappen en verwerking van microfibrillaire composieten 
(MFCs) gemaakt uit polypropyleen (PP) en polyethyleneentereftalaat (PET). 
MFCs worden geproduceerd via een driestapsverwerkingsproces: 
dubbelschroefextrusie voor een intensieve menging, fibrillatie door 
koudverstrekken en isotropisatie door spuitgieten of extrusie. Dit resulteert in 
binaire composieten waarvan het polymeer met het hoogste smeltpunt als 
microfibrillen voorkomt in de matrix van het laagsmeltend polymeer. Deze 
microfibrillaire structuur draagt bij tot een toename in mechanische 
eigenschappen, in het bijzonder stijfheid en taaiheid. MFCs maken deel uit van 
de groep van vezelversterkte composieten en worden daar beschouwd als een 
interessante duurzame variant vervaardigd met eenvoudige, conventionele 
verwerkingsapparatuur. Hierdoor beschikken ze over een enorm potentieel om 
ingezet te worden in uiteenlopende applicaties.  
Niettegenstaande er reeds meerdere experimentele studies uitgevoerd zijn naar 
het concept van MFCs, zijn er toch nog steeds meerdere tekortkomingen in de 
huidige wetenschappelijke literatuur. De totstandkoming van de 
microfibrillaire structuur van de versterkende component en het behoud van 
deze structuur tijdens de finale smeltverwerkingsstap worden aangeduid als 
cruciale stappen voor het bereiken van een kwalitatief composiet. Echter blijkt 
dat beide nog niet in detail werden onderzocht. Daarnaast ontbreekt het in de 
huidige literatuur naar onderzoek naar de invloed van de fibrillatie stap op 
degradatie en dynamisch-mechanische eigenschappen. 
Het literatuuronderzoek toonde eveneens aan dat additieven en 
compatibilisatoren een belangrijke rol kunnen spelen bij de evolutie van de 
microstructuur. Bovendien  zou de stap waar ze toegediend worden eveneens 
van enorm belang kunnen zijn. Algemeen kan gesteld worden dat de link 
tussen verwerking, structuur en de finale eigenschappen cruciaal is, en dit 
vormt de basis voor dit onderzoek. 
Dit onderwerp spitst zich dan ook toe op de volgende onderzoeksvragen: i)  In 
welke mate veranderen de eigenschappen van de MFCs door het toepassen van 
verschillende verstrekratio’s; ii) Wat zijn de optimale verwerkingsparameters 
en materiaalsamenstellingen voor de productie van MFCs?;  iii) Wat is het 
effect van de toevoeging van een elastomere en elastomeergebaseerde 
compatibilisatoren tijdens verschillende stappen van het MFC productieproces 
op de morfologie en mechanische eigenschappen; en iv) Kan het MFC concept 
toegepast worden voor het upcyclen van onmengbare gerecycleerde PP/PET 





Dit onderzoek werd uitgevoerd voor PP als matrix en PET als versterking. De 
gekozen compatibilisatoren waren enerzijds een polyolefine gebaseerd 
elastomeer (POE) en anderzijds een POE gegraft met maleïnezuuranhydride 
(POE-g-MA). 
 
In een eerste deel het boek werd er onderzoek verricht naar de invloed van de 
verschillende verwerkingsstappen, meer bepaald de fibrillatie en isotropisatie 
stap, op de ontwikkeling van de MFC microstructuur. Fibrillatie is een cruciale 
stap in het proces en werd hier beproefd door verschillende verstrekratio’s toe 
te passen om zo een optimale aspect ratio van de microvezels te bekomen. De 
resultaten hiervan worden besproken in Hoofdstuk 4. Algemeen toonde de 
morfologische karakterisatie aan dat er een onmengbare geörienteerde 
microfibrillare structuur van de PET fase in de PP matrix gevormd wordt door 
het koudverstrekken. Bovendien blijft de gefibrilleerde PET structuur 
behouden tot na de finale isotropisatie stap. Verder bleek dat voor deze 
polymeercombinatie een optimale verstrekratio van 8 moet worden toegepast. 
Fysico-chemische karakterisatie daarenboven toonde een significante invloed 
aan van de microfibrillaire structuur op het kristallisatie en degradatie gedrag 
van de MFCs. De kristallisatie temperatuur van de PP matrix nam toe door 
heterogene nucleatie van de PP sferulieten loodrecht op de PET microvezels 
in een transkristallijne laag. Dit nucleërend effect had een positieve invloed op 
de dynamisch-mechanische eigenschappen van de MFCs.  
Daarnaast werd in Hoofdstuk 5 de invloed van de spuitgiettemperatuur tijdens 
de isotropisatiestap onderzocht. Verwerking bij de laagst mogelijke 
spuitgiettemperatuur (210 °C) resulteerde hierbij in de meest optimale MFC 
morfologie en performantie. Verder bleek tijdens het experimentele werk van 
dit doctoraat dat de optimale gewichtsratio van PP en PET in de blend 80/20 
is, terwijl 6 m% additief het beste resultaat gaf.  
Het onderzoek in Hoofdstuk 6 focuste zich op het toevoegen van elastomeer 
gebaseerde additieven tijdens verschillende stappen van het MFC 
productieproces en hun effect op de kristallijne microstructuur en mechanische 
eigenschappen. Het toevoegen van de POE-g-MA compatibilisator tijdens de 
isotropisatiestap had geen extra positieve invloed op de vezeldistributie, noch 
op de mechanische eigenschappen. De vezel aspect ratio nam af, maar het 
nucleërend effect was nog steeds aanwezig. Daarnaast registreerden licht 
scattering experimenten een afname in de PP sferuliet grootte door de 
aanwezigheid van lange PET microvezels, zowel in de niet 
gecompatibiliseerde stalen als in de gecompatibiliseerde. Daarenboven bleek 
dat naast PET ook de aanwezigheid van POE en POE-g-MA kunnen zorgen 





Mechanische beproeving bevestigde het versterkende effect van de PET 
microfibrillen in de MFCs. Een toename in modulus was zichtbaar bij de niet-
gecompatibiliseerde MFCs te wijten aan het grote interfase oppervlak tussen 
de fibrillen en de matrix die de spanningsoverdracht verbeterde. Hogere 
waardes voor vloeisterkte, rek bij breuk en impactsterkte werden 
waargenomen voor de MFCs met POE-g-MA toegevoegd tijdens extrusie. De 
elastomere compatibilisator zorgt voor een toename in interfase adhesie tussen 
PP en PET en dus voor een betere spanningsoverdracht. 
 
Het tweede deel van het doctoraatsonderzoek focuste zich op het onderzoeken 
van nieuwe toepassingsmogelijkheden voor MFCs. Spuitgieten wordt typisch 
ingezet als finale verwerkingsstap, maar hier werd dit voor de eerste maal 
vervangen door de combinatie van extrusie en thermovormen (Hoofdstuk 7). 
Het toepassen van deze technieken kan eventuele mogelijkheden openen naar 
het gebruik van het MFC concept voor de productie van 
voedselverpakkingsschalen en folies. De resultaten toonden aan dat het 
mogelijk was om MFCs te extruderen in plaatvorm. Structurele analyse 
bevestigde de aanwezigheid van gedispergeerde microfibrillen die bovendien 
goed georiënteerd in de matrix aanwezig waren. Tezamen met de 
compatibilisator zorgden deze voor een toename in vloeisterkte en rek bij 
breuk. Het thermovormen kan ook als geslaagd beschouwd worden, maar dit 
deel vergt nog verder optimalisatie.   
 
Als laatste onderzoekscomponent werd in Hoofdstuk 8 het gebruik van het 
MFC concept als innovatieve opwaardeermethode onderzocht voor 
gerecycleerde kunststoffen. Verscheidene gerecycleerde materialen dienden 
hierbij als matrix: meerlaagse PP/PET film, gerecycleerde gemengde 
polyolefines en talk gevulde PP. Het bleek technisch mogelijk om MFCs van 
gerecycleerde materialen aan te maken via het driestaps verwerkingsproces, 
niettegenstaande het optrede van verschillende problemen tijdens de 
verwerking. Een toename in mechanische eigenschappen werd niet 
gerealiseerd voor deze serie aan MFCs. SEM karakterisatie toonde aan dat de 
PET vezels veelal gecoaguleerd voorkwamen in de MFC gemaakt uit de 
meerlaagse film, terwijl in de andere MFCs een erg heterogene microstructuur 
kon waargenomen worden. Desalniettemin tonen deze resultaten aan dat het 
MFC concept beschouwd kan worden als een interessante piste om 
gerecycleerde materialen op te gaan waarderen. Verder onderzoek is echter 
noodzakelijk om de invloed van viscositeit, heterogeniteit, aanwezigheid van 






Samenvattend toonde deze thesis aan dat relatie tussen structuur, 
eigenschappen en verwerking cruciaal is voor het aanamaken van MFCs met 
goede eigenschappen. Dit werk beantwoordde enkele ontbrekende vragen 
binnen het onderzoek naar MFCs, met in het bijzonder de introductie van een 
nieuwe methode voor deze composieten te gaan produceren, extrusie en 
thermovormen enerzijds, en anderzijds het toepassen van dit concept voor het 
opwaarderen van gerecycleerde polymeren. Ondanks de huidige beperkte 
commerciële toepassingen van MFCs, kan de introductie van nieuwe 
milieuwetten, bijvoorbeeld een verplichte opname van gerecycleerde 
polymeren, alsook het recycleerbaar maken van een product end-of-life,  
zorgen voor een sterke toename in interesse en gebruik van dit concept. Op het 
einde van het boek worden er nog enkele nieuwe onderzoekshypotheses en 









This doctoral dissertation has focused on the structure-properties-processing 
relationships in microfibrillar composites (MFCs) prepared from 
polypropylene (PP) and poly(ethylene terephthalate) (PET). The MFC concept 
consists of three processing steps – melt blending via twin-screw extrusion, 
fibrillation via cold drawing, and isotropization by injection moulding or 
extrusion, resulting in binary composites of the higher melting temperature 
component being dispersed as microfibres in a matrix i.e. the lower melting 
temperature component. The microfibrillar structure of the reinforcement may 
contribute to improved mechanical properties – both stiffness and toughness. 
MFCs are considered an interesting class of environment-friendly fibre-
reinforced composites produced with conventional processing equipment and, 
as such, they have a large possibility to find their place in numerous 
applications.  
Although various experimental studies have been done within the field of 
MFCs, still, some shortcomings may be found. The development of a 
microfibrillar structure of the reinforcement and retaining this structure during 
the final melt processing step was depicted as one of the crucial factors for 
achieving high-quality composites, but it was not yet investigated in detail. 
Moreover, the influence of the fibrillation step on certain properties such as 
degradation and dynamic mechanical properties was not widely reported. 
Further on, the literature review has shown that additives and compatibilizers 
may play an important role in the development of the microstructure of MFCs, 
especially pointing out the importance of the step of production at which they 
are added. Overall, carefully linking the processing, their structure, with their 
resulting properties is essential.   
The research questions of this doctoral research are, therefore, as follows: i) 
How do the properties of MFCs change upon application of different cold draw 
ratios?; ii) What are the optimal processing parameters used in MFC 
production?; iii) What is the effect of the addition of elastomers and elastomer-
based compatibilizers at different steps of the MFC manufacturing on the 
morphology and mechanical properties of MFCs?; and iv) Can the MFC 
concept be applied to novel applications such as thermoforming and the 
upcycling of immiscible recycled PP/PET blends? 
The polymers used in this research were limited to PP as matrix and PET as 
reinforcement, while a polyolefin based elastomer (POE) and a POE grafted 
maleic anhydride (POE-g-MA) were used as additives. 
The first part of the research focused on evaluating the influence of the 





MFC microstructure. Fibrillation was found to be a crucial step in the 
production of the MFCs; therefore, different draw ratios were applied during 
the experimental part to define an optimal aspect ratio of the microfibres, and 
the results are discussed in Chapter 4. The optimal draw ratio was found to be 
equal to eight. Overall, the morphological characterisation proved the 
existence of an immiscible PP-PET blend after melt blending, and the highly 
oriented fibrillar state of the reinforcement component after cold drawing. 
Moreover, after the final isotropization step, the microscopic images showed 
the PET fibres were preserved and they were well dispersed within the PP 
matrix. Physical-chemical characterisation has shown a significant influence 
of the microfibrillar structure on the crystallisation and degradation behaviours 
of the MFCs. The crystallisation temperature of the PP component has been 
increased, as the PET fibres act as strong heterogeneous nucleating agents 
for the PP spherulites, forcing the PP lamellae to orient perpendicular to the 
PET fibres surface, by forming a transcrystalline layer. The positive influence 
of this high nucleating effect was noticed in the MFCs’ dynamic mechanical 
properties, as they have increased with the increment of the fibre aspect ratio.  
Beside the fibrillation step, in Chapter 5, the effect of different injection 
moulding temperatures on various properties of the MFCs was studied too. 
Processing the MFCs at the lowest injection moulding temperature (210 ºC) 
resulted in the best MFC morphologies and performances.  
During the experimental work of this PhD, the optimal weight ratio of the 
polymer components for the PP/PET blend was found to be 80/20, 
respectively, while 6 wt% was found as the optimum quantity for the additives. 
Further research was focused on the addition of elastomer-based additives 
into the MFCs in different stages of processing and their effect on the 
crystalline microstructure and mechanical properties. Fillers and additives 
are widely used in polymer blending, hence, Chapter 6 of this dissertation was 
devoted to study their influence. The main objective of this part was to evaluate 
the potential of adding a compatibilizer during the isotropization step and its 
influence on the fibrillar morphology. However, postponing the compatibilizer 
addition did not improve the distribution of long fibres, neither created the best 
mechanical properties for a compatibilized PP-PET MFC. With the addition 
of POE-g-MA, the fibre aspect ratio has been reduced, but the nucleating 
effect of the fibres was still present. Small-angle light scattering indicated a 
decrease in the PP spherulite size in MFC samples due to the presence of long 
PET microfibres, as well as in compatibilized samples, although the fibre 
length was affected. In addition, it was proven that the presence of POE and 
POE-g-MA also may act as nucleators for the PP matrix; therefore, in these 





Mechanical characterisation confirmed the reinforcing effect of the PET 
microfibres in the MFCs. Particularly, the increase in tensile modulus was 
noticed in non-compatibilized MFC due to the large interfacial area between 
the microfibres and the matrix; therefore, it was considered that some 
interfacial contact between the components exists, which made the stress 
transfer more effective. Higher values for yield strength and strain at break, 
as well as for impact strength, were observed for the MFC containing POE-
g-MA added during extrusion. Outstanding mechanical properties for this 
sample were achieved due to the presence of the elastomeric compatibilizer, 
which has enhanced the interfacial adhesion between PP and PET in the final 
composite, resulting in better stress transfer under the applied load. 
 
The second part of this PhD research was focused on examining novel 
applications for MFCs. Injection moulding as the final processing step was, 
for the first time, replaced by extrusion and thermoforming. Applying these 
two techniques has brought new insight for the production of MFCs, and opens 
up the possibility of using the MFC concept for producing packaging trays, 
eventually suitable for food packaging applications. This investigation was 
presented in Chapter 7 and showed that producing MFCs in the form of sheets 
for thermoforming could be an innovative processing method. Structural 
analysis has shown high aspect ratio microfibres dispersed within the matrix 
and possessing an excellent level of orientation. Yield strength and strain at 
break increased with the addition of the compatibilizer, thus, facilitating the 
thermoforming process. However, a real optimisation of the thermoforming 
process itself was not the focus of this study and remains open for further 
research. 
In the end, the feasibility of using the MFC concept to upcycle recycled 
materials was explored in Chapter 8. Several recycled materials such as mixed 
bilayer PP/PET films, polyolefins (MPO), and talc-filled PP were selected for 
this study and used as matrices for MFCs. Recycled MFCs were successfully 
prepared by the 3-step processing, although these mixtures presented 
significant difficulties in processability. Unfortunately, outstanding 
mechanical properties were not achieved for these series of MFCs; they 
showed little or almost no improvement compared to their recycled matrices. 
SEM characterisation showed a high level of PET fibre coalescence present 
in the MFC made out of recycled bilayer film, while in other MFCs, a  large 
heterogeneity of the microstructure was identified. In spite of the 
disappointing results of these recycled MFCs, the MFC concept can still be 
considered an interesting approach for upcycling of mixed polymer waste and 





further in-depth investigations, taking into account various factors such as 
viscosity, heterogeneity, presence of different additives, levels of degradation, 
etc.  
 
Overall, this doctoral dissertation presented a deep and extensive study on the 
MFCs concept, focusing on the relationship between structure, properties, and 
processing, stressing the importance of each processing parameter, as well as 
polymer components and additives selected for the final composition. The 
identified gaps within the MFC field have been covered by the experimental 
work and reported results. A particular contribution to the scientific world has 
been made by introducing a novel method for the production of MFCs, i.e., 
extrusion and thermoforming, and trying to upcycle different recycled 
mixtures. Despite the current limited commercial use of MFCs, the 
introduction of new environmental regulations, imposing the utilisation of 
certain quantity of recycled materials, as well as the recyclability of the 
manufactured products, may provide a boost for MFCs. The investigations 
presented within this dissertation have opened some new research questions 
and proposals for future work, which are presented at the end of this doctoral 
thesis.








A0 Area before drawing [mm] 
A1 Area after drawing [mm] 
D Diameter of the dispersed component after deformation [µm] 
D0 Diameters of the dispersed component before deformation [µm] 
E Tensile modulus [GPa] 
Ec Elastic modulus of the composite [GPa] 
Ef Elastic modulus of the reinforcing component [GPa] 
Em Elastic modulus of matrix [GPa] 
E’ Storage modulus [MPa] 
E’’ Loss modulus [MPa] 
L Length of the fibres [µm] 
L/D Aspect ratio of the fibres [-] 
L0 Gauge length [mm] 
N Depth notch [mm] 
R0 Radius [m] 
T Thickness [mm] or temperature [ºC] 
Tc Crystallisation temperature [ºC] 
Tendset Endset melting or crystallisation temperature [ºC] 
Tg Glass transition temperature [ºC] 
Th Temperature of the supramolecular mobility [ºC] 
Tim Injection moulding temperature [ºC] 
Tm Melting temperature [ºC] 
Tmax Maximum temperature [ºC] 
Tonset Onset melting or crystallisation temperature [ºC] 
Tα Temperature at α-relaxation [ºC] 
V1 Velocity of the first set of rolls [m/s] 
V2 Velocity of the second set of rolls [m/s] 
W Width at narrow portion  [mm] 
W0 Width at ends [mm] 
ak Impact strength [kJ/m2] 
p Probability value of 0.05 [-] 
tan δ Damping factor [-] 
wf Weight fraction [-] 
wt Weight ratio [-] 
∆Hc Crystallisation enthalpy [J/kg] 
ΔHexp Experimental enthalpy of fusion [J/kg] 
ΔHm Melting enthalpy of fusion [J/kg] 
ΔHo Standard enthalpy of fusion of a 100% crystalline polymer [J/kg] 
Φf Volume fraction [-] 
α Crystalline modification of a polymer [-] 
β Crystalline modification of a polymer [-] 
γ Crystalline modification of a polymer [-] 
ε Strain [-] 
εFSmax Strain at maximum flexural stress [MPa] 
εb Strain-at-break [MPa] 




εy Strain-at-yield [MPa] 
η Viscosity [Pa.s] 
ηd Viscosity of the dispersed component [Pa.s] 
ηm Viscosity of the matrix [Pa.s] 
θmax Polar angle between the incident beam and the scattering planes [º]  
λ 
λw 
Viscosity ratio [-]  
Wavelength [nm] 
σt Tensile strength [MPa] 





ABS Acrylonitrile Butadiene Styrene 
AFM Atomic Force Microscopy 
CB Carbon Black 
CDR Cold Draw Ratio 
CIM Conventional Injection Moulding 
CM Compression Moulding 
DMA Dynamic Mechanical Analysis 
DR Draw ratio 
DSC Differential Scanning Calorimetry 
2D-WAXD Two-Dimensional Wide-Angle X-ray Diffraction 
E-GMA Ethylene-Glycidyl Methacrylate 
EEE Electrical and Electronic Equipment 
EVA Ethylene Vinyl Alcohol 
FD Flow direction 
GAIM Gas-Assisted Injection Moulding 
H2SO4 Sulphuric Acid 
H3PO4 Phosphoric Acid 
HDPE High Density Polyethylene 
HIPS High Impact Polystyrene  
HSR Hot Stretch Ratio 
IM Injection Moulding 
IMB Injection Moulding Blend 
KMnO4 Potassium Permanganate  
LDPE Low Density Polyethylene 
LLDPE Low Linear Density Polyethylene 
LME Laminating-Multiplying Elements 
LoM  Law of mixtures 
MA Maleic Anhydride 
MDPE Medium Density Polyethylene 
MFB Microfibrillar Blend 
MFC Microfibrillar Composite 
MFVIM Multi-Flow Vibrational Injection Moulding 
MIM Micro-Injection Moulding 
MPO Mixed Polyolefins  
ND Normal Direction 
OH-group Hydroxyl-group  
PA Polyamide 




PBS Poly(butylene succinate) 
PBT  Poly(butylene terephthalate) 
PC Polycarbonate 
PE Polyethylene 
PE-g-MA Polyethylene grafted maleic anhydride 
PET Poly(ethylene terephthalate) 
PLA Poly(lactic acid) 
PO Polyolefin 
POE Polyolefin based elastomer 
POE-g-MA Polyolefin based elastomer grafted maleic anhydride 
POM Polarised Optical Microscopy 
iPP Isotactic Polypropylene 
PP Polypropylene 
PP-g-MA Polypropylene grafted maleic anhydride 
PTFE Polytetrafluoroethylene 
RPE Recycled Polyethylene 
RPET Recycled Poly(ethylene terephthalate)  
RPP Recycled Polypropylene 
SALS Small-Angle Light Scattering 
SCORIM Shear-Controlled Orientation Injection Moulding 
SEBS Styrene-ethylene-butylene-styrene 
SEBS-g-MA Styrene-ethylene-butylene-styrene grafted maleic anhydride 
SEM Secondary Electron Microscopy 
TC Transcrystallinity 
TCL Transcrystalline Layer 
TD Transversal direction 
TEM Transmission Electron Microscopy 
TGA Thermogravimetric Analysis 
dTGA 1st Derivative of thermogravimetric curve 
TiO2  Titanium-dioxide 
WEEE Waste of Electrical and Electronic Equipment 
XRD X-ray Diffraction 
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This chapter gives a concise background on the concept of 
microfibrillar composites, introducing the importance of processing 
parameters and their relationship with the structure and properties of 
these composites. Furthermore, it presents the research questions on 
which this doctoral thesis bases. Finally, a summary of the state-of-the-
art, aims, and innovative aspects of this research are given, as well as 
an overview of the manuscript. 
 
1.1. Context of the Research 
 
Over the last decades, thermoplastic polymer-based composite materials 
have found their place within a wide range of applications due to their 
outstanding properties. An enormous progress has been made within the field 
of composite materials [1,2]. Composites are considered as multi-component 
materials reinforced by fillers [3–5]. Among these fillers, commercial fibres 
such as glass or carbon [6–11], synthetic [12–16], or natural fibres [17–22] are 
widely used. By controlled combination of the components, new composite 
materials with combined physical and chemical properties can be obtained 
[23]. The advantage of these materials lies in their high stiffness and toughness, 
lightweight, thermal resistance, stability in the presence of aggressive 
chemicals, high resistance to fatigue and corrosion, and for some of them even 
recyclability [24–27]. Therefore, polymer-based composite products have 
already found their place in high-performance industries such as automotive 
and aerospace, while there are also numerous applications in packaging, textile 
and biomedical products [3]. 
However, the interest in the use of polymers as reinforcements instead of 
e.g. glass or carbon fibres in polymer composites has increased due to the 
environmental impact of the materials which cannot be recycled. The 
combination of multiple polymers in the composites are more environment-
friendly as the polymers can be considered for recycling and re-processing into 
new products. 
Polymer-polymer composites have received considerable attention from 
researchers as there is a constant need for new materials with improved 





in the polymer synthesis itself but also in the modification of available 
polymers. The most frequent modification method is the melt blending of 
different polymers because it is considered an easy way of making new 
materials with outstanding properties, such as toughness, stiffness, and 
chemical and thermal resistance. A number of comprehensive studies on 
polymer blending [31–40] have pointed out the importance of the 
microstructure of the blends and its relationship with physical and mechanical 
properties [41–43]. Moreover, what happens during the processing of the 
blends is important as the flow and viscosity of the polymers may affect the 
final blends’ properties [34,44]. The morphology strongly depends on the 
mixing methods, and the size and shape of the dispersed component are crucial 
for obtaining adequate mechanical performances [45]. On the one hand, 
polymer blends have some limitations in obtaining optimal physical and 
mechanical properties due to the interfacial separation that will occur as a 
result of the immiscibility of two or more components [32,34–36,46–49]. 
Therefore, it is necessary to control aspects of the morphology of the 
immiscible blend like the size and shape of the dispersed component [31,37]. 
On the other hand, a blend presenting well-dispersed particles may increase 
the impact strength of the matrix [45], while blends with sheet-shaped 
dispersions may improve barrier properties [50], and those with fibres can 
improve the unidirectional strength [45]. Still, the improvement of any given 
property will strongly depend on the rigidity of the dispersed component, as 
there is a huge difference in the reinforcement effect of rigid and elastomeric 
particles [38,42,51,52]. By varying the composition, the viscosity, and the 
elasticity ratio of the components used in the blend, the morphology can be 
optimised [31,34,37,53].  
However, to overcome the problem of immiscibility, two different 
approaches are often employed. The first one consists in the addition of a 
compatibilizer to these blends. Different fillers or compatibilizers are 
frequently used to promote interfacial adhesion between the blend constituents 
[38,54–62]. The purpose of incorporation of compatibilizers into polymer 
mixtures is to reduce the particle size and hinder the coalescence effect, to 
improve the dispersion and distribution of the minor component, and to 
increase the interfacial adhesion between the matrix and the dispersed 
component. In fact, the compatibilizer reduces the interfacial energy and 
facilitates the stress transfer across the matrix-particle interface [38,54,56,61–
63]. A second option is transforming the blends into microfibrillar composites 
(MFCs). The concept of MFCs has been developed by Fakirov and co-workers 
[12,13,64] during the 1990s, and is based on reinforcing an isotropic matrix 





applications because of their improved mechanical properties such as strength 
and stiffness [27,28,55,65–67]. 
 
1.2. Microfibrillar Composites   
 
The manufacturing of MFCs consists of three basic steps: 
1. Extrusion – melt blending of the two immiscible polymers which have 
sufficiently different melting temperatures (Tm) (mixing); 
2. Hot or cold drawing of the extrudate leading to a molecular 
orientation of the two polymers (fibrillation); 
3. Injection or compression moulding – thermal treatment at the 
processing temperature of the lower melting component (isotropization) 
[44,49,68,69]. 
Various research studies have been published about MFCs’ properties, 
detailing several key parameters that affect the microstructure and properties 
of the composites and deserve to be discussed along the state-of-the-art 
chapter: 
• composition ratio of the polymers in the blends; 
• viscosities of the matrix and the dispersed component; 
• type of fibrillation; 
• processing parameters during melt blending and post-processing; 
• application of different post-processing techniques; 
• addition of additives. 
All these factors are encompassed in Chapter 2: State-of-the-Art. 
During the melt blending, the polymers undergo different morphological 
changes, such as a breakup and coalescence of the droplets, which play a 
crucial role in defining the microstructure. Therefore, deformation and 
coalescence of the dispersed component together with the viscosity ratio of a 
blend are explained in detail. It is pointed out how to facilitate the deformation 
of the dispersed component and achieve high aspect ratios for the fibres. 
Besides, the processing settings such as barrel temperature, screw speed and 
die geometry influence the size and shape of the dispersed component. 
Furthermore, the fibrillation step and its effect on the development of the 
fibrillar state is of huge importance for the final morphology of the MFCs. 
Hence, the influence of different fibrillation techniques - cold drawing and hot 
stretching are highlighted. Additionally, the orientation and aspect ratio of the 
fibres are of huge importance for achieving high mechanical performances. In 
order to maintain the microfibrillar morphology made during the fibrillation 
step, the processing conditions like shear rate, processing temperature during 





different additives are mentioned in the state-of-the-art section and their 
purpose of use in MFCs is pointed out. 
The literature study identified several shortcomings. As such, this PhD 
research is based on the following suggestions: 
• The effect of the reinforcement aspect ratio on the thermal  
decomposition characteristics of MFCs was not widely reported. 
Thus, thermogravimetric and dynamic mechanical studies could 
provide a significant step forward in understanding thermal 
behaviour. 
• The influence of different injection moulding temperatures on the 
microfibrillar structure and composites’ mechanical properties was 
only investigated for compositions based on PE and PET. However, 
other polyolefin/PET combinations like PP/PET are not covered by 
the literature.  
• The presence of different compatibilizers in the MFCs was 
investigated by several researchers, but the literature study has 
supported only the addition of compatibilizer during the melt blending 
step. No studies were found reporting the effect of elastomers and 
elastomer-based compatibilizers, neither the addition of 
compatibilizers during the isotropization step, except in research 
proposals. 
• This literature study did not encompass the importance of MFC 
concept for upcycling of polymer waste, although they, as 
environmentally friendly composites, may play a significant role in 
developing new composites from recycled materials. 
 
1.3. Aims and Scope of the Research  
 
Based on the above review of the state-of-the-art, the following research 
questions have been formulated: 
i. How do the properties of MFCs change upon application of different 
cold draw ratios? 
ii. What are the optimal processing parameters used in MFC 
production?  
iii. What is the effect of the addition of elastomers and elastomer-based 
compatibilizers at different steps of the MFC manufacturing on the 
morphology and mechanical properties of MFCs? 
iv. Can the MFC concept be applied to novel applications such as 






In this research, these questions were answered within the following 
boundaries: 
• The polymers used in this study are limited to polypropylene (PP) as 
the matrix polymer and poly(ethylene terephthalate) (PET) as the 
reinforcement polymer, mixed in two different weight ratios (70/30 
and 80/20 PP/PET, respectively). 
• As additives, a polyolefin based elastomer (POE) and POE grafted 
maleic anhydride (POE-g-MA) were used. 
• The focus of the MFC concept is on a 3-step processing technique – 
the melt blending via twin-screw extruder, cold drawing, and 
isotropization by injection moulding or extrusion and its influence on 
the morphology development and final properties of the composites. 
 
1.4. Innovative Aspects of This Research 
 
The following contributions have been made to the research field: 
i. An in-house set-up for the cold drawing of the extruded sheets was 
developed, and the influence of the cold draw ratio on the thermal 
and dynamic mechanical properties of MFCs has been shown.  
ii. The influence of the injection moulding temperature during the 
processing of MFCs based on PP and PET was studied and it was 
shown that the control of processing temperature is of huge 
importance for achieving optimal morphology and mechanical 
properties. 
iii. Contrary to the hypothesis reported by leading researchers in the 
field [70], it was demonstrated that addition of the compatibilizer 
during the isotropization step (rather than during the blending step) 
does not contribute to improved distribution of the microfibres, 
neither enhanced mechanical properties.  
iv. In terms of application, a contribution to the field was made by using 
sheet extrusion as an isotropization step and thermoforming as a post-
production method instead of injection moulding. 
v. This thesis showed that re-processing of recycled materials into 
MFCs is possible, although outstanding properties are not achieved. 
Still, this way of re-processing certain recycled mixtures may be 








1.5. Overview of This Manuscript 
  
Figure 1.1 shows a schematic overview of this doctoral dissertation. 
 
 
Figure 1.1. Schematic overview of this doctoral dissertation. 
From the overview can be seen that thesis is divided into several parts:  
• Introductory chapters (Chapters 1, 2 and 3) 
• Structure-properties-processing relationship in PP/PET MFCs 
(Chapters 4, 5 and 6) 
• Novel applications for PP/PET MFCs (Chapters 7 and 8)  





Chapter 1 is the introduction of this manuscript, discussed here. 
Chapter 2 is dedicated to the state-of-the-art of this dissertation. It brings 
together an overview of the relationships between the structure, properties and 
processing of microfibrillar composites. Key processing parameters are 
described and their effects on the MFCs properties were pointed out. The 
influence of the microfibrillar structure on different MFC properties is 
discussed in-depth. Part of this chapter was published in the journal Advanced 
Materials 2020, 2003938, doi:10.1002/adma.202003938 
Chapter 3 is devoted to the materials and experimental methods used in 
this PhD book. The preparation of the PP/PET MFCs is described step by step, 
as well as all processing parameters and characterisation methods used during 
this research. 
Chapter 4 investigates the development of the microfibrillar morphology 
during the second processing step called fibrillation. Initially, the theoretical 
aspects of drawing are presented. Further on, the deformation and breakup of 
the dispersed component are described. In the discussion section, the influence 
of different draw ratios on the thermal and mechanical behaviour is 
highlighted. Part of this chapter was presented at PMI conference 2016 and 
published in the proceedings. 
Chapter 5 explores the influence of the injection moulding temperature on 
the properties of PP/PET MFCs. After a brief introduction, the effect of the 
PET component on the degradation and crystallisation behaviour of the MFCs 
is described. Blends and composites prepared at different processing 
temperatures are compared and their morphology and mechanical properties 
are discussed in detail. Part of this chapter was published in the journal 
Polymers 2016, 8, 355; doi:10.3390/polym8100355. 
Chapter 6 encompasses the influence of non-functionalised elastomer and 
elastomer-based compatibilizer added either during extrusion or injection 
moulding. The focus of this chapter is on the development of the crystalline 
morphology of the MFCs. The crystalline structure is studied in-depth by 
different microscopic techniques and small-angle light scattering is used to 
define the size of the PP crystals. In addition, the relationship between the 
microstructure and mechanical properties is discussed. Part of this chapter was 
published in the journal Polymers 2018, 10, 291; doi:10.3390/polym10030291. 
Chapter 7 presents the MFC concept for making trays for eventual 
packaging applications. It describes the use of extrusion and thermoforming 
instead of injection moulding as the final isotropization step of the MFC 
preparation. This way of processing is considered as a novel method, and it 





industrial level. Part of this chapter was published in the AIP Conference 
Proceedings. Vol. 2205. No. 1. AIP Publishing LLC, 2020 
Chapter 8 is devoted to the re-processing of recycled materials by applying 
the MFC concept. This chapter explores this concept for three different 
commonly available polymeric waste streams. After a brief introduction, the 
recycled materials and additional methods are explained in detail. Further on, 
results obtained for the recycled blends and MFCs are presented and discussed. 
Chapter 9 summarises the key findings of this doctoral dissertation. Based 




[1] Kim JK, Mai Y wing. High strength, high fracture toughness fibre composites with 
interface control-A review. Compos Sci Technol 1991;41:333–78. 
https://doi.org/10.1016/0266-3538(91)90072-W. 
[2] Schuster J, Duhovic M, Bhattacharyya D. Manufacturing and Processing of Polymer 
Composites. Synth Polym Compos 1st Ed; Bhattacharyya, D, Fakirov, S, Eds 2012:1–
38. 
[3] Gao F. Clay/polymer composites: The story. Mater Today 2004;7:50–5. 
https://doi.org/10.1016/S1369-7021(04)00509-7. 
[4] O A, Y B, N H, N M. Talc as Reinforcing Filler in Polypropylene Compounds: Effect 
on Morphology and Mechanical Properties. Polym Sci 2017;03. 
https://doi.org/10.4172/2471-9935.100023. 
[5] Li A, Zhang C, Zhang YF. Thermal conductivity of graphene-polymer composites: 
Mechanisms, properties, and applications. Polymers (Basel) 2017;9:1–17. 
https://doi.org/10.3390/polym9090437. 
[6] Gong X, Liu J, Baskaran S, Voise RD, Young JS. Surfactant-assisted processing of 
carbon nanotube/polymer composites. Chem Mater 2000;12:1049–52. 
https://doi.org/10.1021/cm9906396. 
[7] Jones FR, Thomason JL, Elanchezhian C, Ramnath BV, Hemalatha J, Chand S, et al. 
Mechanical Behaviour of Glass and Carbon Fibre Reinforced Composites at Varying 
Strain Rates and Temperatures. Resour Conserv Recycl 2014;33:1641–52. 
https://doi.org/10.1023/A:1004780301489. 
[8] Elanchezhian C, Ramnath BV, Hemalatha J. Mechanical Behaviour of Glass and Carbon 
Fibre Reinforced Composites at Varying Strain Rates and Temperatures. Procedia Mater 
Sci 2014;6:1405–18. https://doi.org/10.1016/j.mspro.2014.07.120. 
[9] Thomason JL. The influence of fibre length and concentration on the properties of glass 
fibre reinforced polypropylene: 5. Injection moulded long and short fibre PP. Compos 
Part A Appl Sci Manuf 2002;33:1641–52. https://doi.org/10.1016/S1359-
835X(02)00179-3. 
[10] Hartikainen J, Lindner M, Harmia T, Friedrich K. Mechanical properties of 
polypropylene composites reinforced with long glass fibres and mineral fillers. Plast 
Rubber Compos 2004;33:77–84. https://doi.org/10.1179/146580104225020893. 
[11] Fu SY, Lauke B. Characterization of tensile behaviour of hybrid short glass fibre/calcite 
particle/ABS composites. Compos Part A Appl Sci Manuf 1998;29:575–83. 
https://doi.org/10.1016/S1359-835X(97)00117-6. 
[12] Fakirov S, Evstatiev M, Schultz JM. Microfibrillar reinforced composite from drawn 
poly(ethylene terephthalate)/nylon-6 blend. Polymer (Guildf) 1993;34:4669–79. 
https://doi.org/10.1016/0032-3861(93)90700-K. 
[13] Evstatiev M, Fakirov S. Microfibrillar reinforcement of polymer blends. Polymer 
(Guildf) 1992;33:877–80. https://doi.org/10.1016/0032-3861(92)90354-Y. 





PET/LDPE blends: morphology and mechanical properties. J Macromol Sci Part B 
2004;43:775–89. 
[15] Li ZM, Li L Bin, Shen KZ, Yang W, Huang R, Yang MB. Transcrystalline morphology 
of an in situ microfibrillar poly(ethylene terephthalate)/poly(propylene) blend fabricated 
through a slit extrusion hot stretching-quenching process. Macromol Rapid Commun 
2004;25:553–8. https://doi.org/10.1002/marc.200300086. 
[16] Li ZM, Yang W, Xie BH, Shen KZ, Huang R, Yang MB. Morphology and tensile 
strength prediction of in situ microfibrillar poly(ethylene terephthalate)/polyethylene 
blends fabricated via slit-die extrusion-hot stretching-quenching. Macromol Mater Eng 
2004;289:349–54. https://doi.org/10.1002/mame.200300260. 
[17] Thomas S, Paul SA, Pothan LA, Deepa B. Natural fibres: structure, properties and 
applications. Cellul. fibers bio-and nano-polymer Compos., Springer; 2011, p. 3–42. 
[18] Lau K tak, Hung P yan, Zhu MH, Hui D. Properties of natural fibre composites for 
structural engineering applications. Compos Part B Eng 2018;136:222–33. 
https://doi.org/10.1016/j.compositesb.2017.10.038. 
[19] Saba N, Jawaid M, Alothman OY, Paridah MT. A review on dynamic mechanical 
properties of natural fibre reinforced polymer composites. Constr Build Mater 
2016;106:149–59. https://doi.org/10.1016/j.conbuildmat.2015.12.075. 
[20] Satyanarayana KG, Sukumaran K, Mukherjee PS, Pavithran C, Pillai SGK. Natural 
fibre-polymer composites. Cem Concr Compos 1990;12:117–36. 
https://doi.org/10.1016/0958-9465(90)90049-4. 
[21] Oksman K, Mathew AP, Långström R, Nyström B, Joseph K. The influence of fibre 
microstructure on fibre breakage and mechanical properties of natural fibre reinforced 
polypropylene. Compos Sci Technol 2009;69:1847–53. 
https://doi.org/10.1016/j.compscitech.2009.03.020. 
[22] Staiger MP, Tucker N. Natural-fibre composites in structural applications. Prop. 
Perform. Nat. Compos., Elsevier; 2008, p. 269–300. 
[23] Matthews FL, Davies GAO, Hitchings D, Soutis C. Finite element modelling of 
composite materials and structures. Elsevier; 2000. 
[24] Tanaka T, Montanari GC, Mulhaupt R. Polymer nanocomposites as dielectrics and 
electrical insulation-perspectives for processing technologies, material characterization 
and future applications. IEEE Trans Dielectr Electr Insul 2004;11:763–84. 
[25] Pleşa I, Noţingher P V., Schlögl S, Sumereder C, Muhr M. Properties of polymer 
composites used in high-voltage applications. Polymers (Basel) 2016;8. 
https://doi.org/10.3390/polym8050173. 
[26] Pegel S, Villmow T, Kasaliwal G, Pötschke P. Polymer-carbon nanotube composites: 
melt processing, properties and applications. Synth Polym Compos Munich Hanser 
Verlag 2012:145–92. 
[27] Fakirov S. The concept of micro-or nanofibrils reinforced polymer-polymer composites. 
Munich: Carl Hanser Verlag; 2012. 
[28] Fakirov S. Nano- and microfibrillar single-polymer composites: A review. Macromol 
Mater Eng 2013;298:9–32. https://doi.org/10.1002/mame.201200226. 
[29] Song K, Zhang Y, Meng J, Green EC, Tajaddod N, Li H, et al. Structural polymer-based 
carbon nanotube composite fibers: Understanding the processing-structure-performance 
relationship. Materials (Basel) 2013;6:2543–77. https://doi.org/10.3390/ma6062543. 
[30] Mishra RK, Maria HJ, Joseph K, Thomas S. Basic structural and properties relationship 
of recyclable microfibrillar composite materials from immiscible plastics blends: An 
introduction. Elsevier Ltd.; 2017. https://doi.org/10.1016/B978-0-08-101991-7.00001-
7. 
[31] Utracki LA, Shi H. During Compounding in a Twin-Screw Extruder . Part I : Droplet 
Dispersion and Coalescence-A Review. Polym Eng Sci 1992;32:1824–33. 
[32] Utracki LA. Role of Polymer Blends’ Technology in Polymer Recycling. Polym Blends 
Handb 2003:1117–65. https://doi.org/10.1007/0-306-48244-4_16. 
[33] Woodcock S, Johnson W, Chen Z. Characterization of Polymer Blends by Atomic Force 
Microscopy: A Review. Polym News 2004;29:176–83. 
[34] Utracki LA, Wilkie CA. Polymer blends handbook. 2014. https://doi.org/10.1007/978-
94-007-6064-6. 





Philos Trans R Soc A Math Phys Eng Sci 2010;368:1009–25. 
https://doi.org/10.1098/rsta.2009.0215. 
[36] Utracki LA, Shi ZH. Development of polymer blend morphology during compounding 
in a twin‐screw extruder. Part I: Droplet dispersion and coalescence—a review. Polym 
Eng Sci 1992;32:1824–33. https://doi.org/10.1002/pen.760322405. 
[37] Thomas S, Groeninckx G. Nylon 6/Ethylene Propylene Rubber (EPM) Blends: Phase 
Morphology Development during Processing and Comparison with Literature Data. J 
Appl Polym Sci 1999;71:1405–29. https://doi.org/10.1002/(SICI)1097-
4628(19990228)71:9<1405::AID-APP6<3.0.CO;2-E. 
[38] G’Sell C, Bai SL, Hiver JM. Polypropylene/polyamide 6/polyethylene-octene elastomer 
blends. Part 2: Volume dilatation during plastic deformation under uniaxial tension. 
Polymer (Guildf) 2004;45:5785–92. https://doi.org/10.1016/j.polymer.2004.06.020. 
[39] Scott CE, Macosko CW. Morphology development during the initial stages of polymer-
polymer blending. Polymer (Guildf) 1995;36:461–70. 
[40] Utracki LA. Commercial polymer blends. Springer Science & Business Media; 2013. 
[41] Meijer HEH, Govaert LE. Mechanical performance of polymer systems: The relation 
between structure and properties. Prog Polym Sci 2005;30:915–38. 
https://doi.org/10.1016/j.progpolymsci.2005.06.009. 
[42] Wang J, Wu H, Guo S. Realizing simultaneous reinforcement and toughening in 
polypropylene based on polypropylene/elastomer via control of the crystalline structure 
and dispersed phase morphology. vol. 6. 2016. https://doi.org/10.1039/c5ra24758f. 
[43] Joseph S, Thomas S. Morphology, morphology development and mechanical properties 
of polystyrene/polybutadiene blends. Eur Polym J 2003;39:115–25. 
https://doi.org/10.1016/S0014-3057(02)00180-5. 
[44] Li ZM, Yang MB, Feng JM, Yang W, Huang R. Morphology of in situ poly(ethylene 
terephthalate)/polyethylene microfiber reinforced composite formed via slit-die 
extrusion and hot-stretching. Mater Res Bull 2002;37:2185–97. 
https://doi.org/10.1016/S0025-5408(02)00894-2. 
[45] Shields RJ, Bhattacharyya D, Fakirov S. Fibrillar polymer-polymer composites: 
Morphology, properties and applications. J Mater Sci 2008;43:6758–70. 
https://doi.org/10.1007/s10853-008-2693-z. 
[46] Xu L, Zhong GJ, Ji X, Li ZM. Crystallization behavior and morphology of one-step 
reaction compatibilized microfibrillar reinforced isotactic polypropylene/poly(ethylene 
terephthalate) (iPP/PET) blends. Chinese J Polym Sci (English Ed 2011;29:540–51. 
https://doi.org/10.1007/s10118-011-1066-2. 
[47] Jiang W, Du M, Gu Q, Jiang J, Huth H, Zhou D, et al. Calorimetric study of blend 
miscibility of polymers confined in ultra-thin films. Eur Phys J Spec Top 2010;189:187–
95. https://doi.org/10.1140/epjst/e2010-01322-0. 
[48] Fortelný I. Theoretical aspects of phase morphology development. Micro-and 
Nanostructured Multiph Polym Blend Syst Phase Morphol Interfaces, C Harrats, S 
Thomas, G Groeninckx, Eds, Taylor Fr Boca Rat 2006;43. 
[49] Friedrich K, Evstatiev M, Fakirov S, Evstatiev O, Ishii M, Harrass M. Microfibrillar 
reinforced composites from PET/PP blends: Processing, morphology and mechanical 
properties. Compos Sci Technol 2005;65:107–16. 
https://doi.org/10.1016/j.compscitech.2004.06.008. 
[50] Shields RJ, Bhattacharyya D, Fakirov S. Oxygen permeability analysis of microfibril 
reinforced composites from PE/PET blends. Compos Part A Appl Sci Manuf 
2008;39:940–9. https://doi.org/10.1016/j.compositesa.2008.03.008. 
[51] Pukánszky B, Van Es M, Maurer FHJ, Vörös G. Micromechanical deformations in 
particulate filled thermoplastics: volume strain measurements. J Mater Sci 
1994;29:2350–8. https://doi.org/10.1007/BF00363426. 
[52] Pukánszky B, Vörös G. Stress distribution around inclusions, interaction, and 
mechanical properties of particulate-filled composites. Polym Compos 1996;17:384–92. 
https://doi.org/10.1002/pc.10625. 
[53] Fortelný I, Kovář J. Theory of coalescence in immiscible polymer blends. Polym 
Compos 1988;9:119–24. https://doi.org/10.1002/pc.750090204. 
[54] Champagne MF, Huneault MA, Roux C, Peyrel W. Reactive compatibilization of 






[55] Chiu HT, Hsiao YK. Compatibilization of poly(ethylene terephthalate)/polypropylene 
blends with maleic anhydride grafted polyethylene-octene elastomer. J Polym Res 
2006;13:153–60. https://doi.org/10.1007/s10965-005-9020-z. 
[56] Ao YH, Tang K, Xu N, Yang HD, Zhang HX. Compatibilization of PP/SEBS-MAH 
blends by grafting glycidyl methacrylate onto polypropylene. Polym Bull 2007;59:279–
88. https://doi.org/10.1007/s00289-007-0764-y. 
[57] Heino M, Kirjava J, Hietaoja P, A seppa¨ la¨  J. Compatibilization of polyethylene 
terephthalate/polypropylene blends with styrene–ethylene/butylene–styrene (SEBS) 
block copolymers. J Appl Polym Sci 1997;65:241–9. 
[58] Calcagno CIW, Mariani CM, Teixeira SR, Mauler RS. The role of the MMT on the 
morphology and mechanical properties of the PP/PET blends. Compos Sci Technol 
2008;68:2193–200. https://doi.org/10.1016/j.compscitech.2008.03.012. 
[59] Chen RS, Ab Ghani MH, Salleh MN, Ahmad S, Gan S. Influence of Blend Composition 
and Compatibilizer on Mechanical and Morphological Properties of Recycled 
HDPE/PET Blends. Mater Sci Appl 2014;05:943–52. 
https://doi.org/10.4236/msa.2014.513096. 
[60] Imamura N, Sakamoto H, Higuchi Y, Yamamoto H, Kawasaki S, Yamada K, et al. 
Effectiveness of Compatibilizer on Mechanical Properties of Recycled PET Blends with 
PE, PP, and PS. Mater Sci Appl 2014;05:548–55. 
https://doi.org/10.4236/msa.2014.58057. 
[61] Inuwa IM, Hassan A, Samsudin SA, Haafiz MKM, Jawaid M. Interface modification of 
compatibilized polyethylene terephthalate/polypropylene blends: Effect of 
compatibilization on thermomechanical properties and thermal stability. J Vinyl Addit 
Technol 2017;23:45–54. 
[62] Pang YX, Jia DM, Hu HJ, Hourston DJ, Song M. Effects of a compatibilizing agent on 
the morphology, interface and mechanical behaviour of polypropylene/poly(ethylene 
terephthalate) blends. Polymer (Guildf) 2000;41:357–65. 
https://doi.org/10.1016/S0032-3861(99)00123-8. 
[63] Robeson L. Historical perspective of advances in the science and technology of polymer 
blends. Polymers (Basel) 2014;6:1251–65. https://doi.org/10.3390/polym6051251. 
[64] Evstatiev M, Fakirov S, Friedrich K. Effect of blend composition on the morphology 
and mechanical properties of microfibrillar composites. Appl Compos Mater 1995;2:93–
106. 
[65] Kayaisang S, Saikrasun S, Amornsakchai T. Potential Use of Recycled PET in 
Comparison with Liquid Crystalline Polyester as a Dual Functional Additive for 
Enhancing Heat Stability and Reinforcement for High Density Polyethylene Composite 
Fibers. J Polym Environ 2013;21:191–206. https://doi.org/10.1007/s10924-012-0446-1. 
[66] Li ZM, Lu A, Lu ZY, Shen KZ, Li LB, Yang MB. In-situ microfibrillar PET/iPP blend 
via a slit die extrusion, hot stretching and quenching process: Influences of PET 
concentration on morphology and crystallization of iPP at a fixed hot stretching ratio. J 
Macromol Sci - Phys 2005;44 B:203–16. https://doi.org/10.1081/MB-200049793. 
[67] Fakirov S, Bhattacharyya D, Shields RJ. Nanofibril reinforced composites from polymer 
blends. Colloids Surfaces A Physicochem Eng Asp 2008;313–314:2–8. 
https://doi.org/10.1016/j.colsurfa.2007.05.038. 
[68] Fuchs C, Bhattacharyya D, Fakirov S. Microfibril reinforced polymer-polymer 
composites: Application of Tsai-Hill equation to PP/PET composites. Compos Sci 
Technol 2006;66:3161–71. https://doi.org/10.1016/j.compscitech.2005.02.023. 
[69] Körmendy E, Marcinčin A, Hricová M, Kovačic V. Phase morphology of 
polypropylene-polyethylene terephthalate blend fibres. Fibres Text East Eur 
2005;13:20–3. 
[70] Fakirov S, Bhattacharyya D, Lin RJT, Fuchs C, Friedrich K. Contribution of coalescence 
to microfibril formation in polymer blends during cold drawing. J Macromol Sci Part B 







This chapter reviews the scientific state-of-the-art on microfibrillar composites 
(MFCs). It focuses on relationships between the structure, properties and 
processing of MFCs. Key processing parameters and their effects on MFCs 
characteristics are described. The influence of the microfibrillar structure on 
different MFCs properties is discussed in-depth. 
 
Nowadays, the relationship between processing, morphology and 
mechanical properties of polymeric materials is the subject of numerous 
studies of academic and industrial researches. Understanding this relationship 
might result in guidelines on how to design polymeric materials, either on the 
molecular level or in the micro-scaled heterogeneous materials.  
Although different research studies have shown that polymer blends may 
be a great solution to improve certain properties of the materials, in the last 
decades, the manufacture of thermoplastic polymer-based composites has 
been strongly focused on the use of fillers such as glass or carbon fibres [1–
6]. These composites may provide better mechanical properties than polymer-
polymer composites. However, there are several drawbacks, such as complex 
production, high cost, and their impact on the environment due to low 
recyclability at end-of-life [5,7–10]. Hence, several researchers have 
developed alternative methods for producing reinforced polymer composites 
by adding either natural fibres [9,11–15] or by drawing synthetic polymer 
fibres in situ and as such making a new class of materials called microfibrillar 
composites (MFCs) [7,8,16–18]. MFCs are an interesting class of polymer-
polymer composites. Their potentially excellent mechanical properties are 
strongly dependent on their microstructure, which is developed through a 
three-stage production process. The advantage of these composites lies in the 
use of thermoplastic fibres, which make them fully recyclable. Besides, 
microfibrillation can yield many functional properties such as conductivity, 
reduced density, and compatibility; there is no need for mineral additives to 
improve the mechanical properties and when compared with glass- and 
carbon-fibre composites, MFCs are much lighter [7]. Their easy processing 
and use of relatively cheap thermoplastic polymers make the concept of MFCs 
a very attractive method for obtaining high-quality reinforced composites. 
Often-used combinations for making MFCs are blends based on polyolefins 





high-density polyethylene [HDPE], low-density polyethylene [LDPE]) as the 
matrix and engineering polymers such as poly(ethylene terephthalate) (PET), 
polyamides (PA) or polycarbonates (PC) as the reinforcement due to their 
superior mechanical and thermal properties [11,19–23]. PP is a 
semicrystalline polymer which represents one of the most commonly used 
polymeric materials. As a cheap polymer, PP composites are of great interest 
i.e. blends with PET which can improve dyeability and mechanical properties 
[36–38]. PET is a thermoplastic polymer with high toughness and good 
physical and chemical properties. This set of properties makes PET of huge 
importance to the packaging industry. The main applications of this polymer 
are in the manufacturing of films, fibres, and in the fabrication of bottles for 
beverages [36,37,39–42]. 
Interesting studies have been published reporting the self-
compatibilization of MFCs made from condensation polymers due to 
formation of co-polymeric interfaces in the blend [7,24–27]. It has been well 
documented that reinforcements may act as nucleating agents, resulting in 
microstructural and crystallisation changes of the matrix, thus affecting the 
final mechanical properties of the composite. Therefore, it is very important 
to control the processing parameters as they are decisive for the matrix-fibre 
interface. Several researchers have investigated this relationship, focusing on 
the influence of processing parameters such as injection moulding temperature 
[28,29], screw speed [30], mould temperature, cooling time [11,31] and draw 
ratio (DR) [32]. Other studies have reported the differences between 
compression and injection moulding, as well as their influence on the fibril 
orientation [18,33]. Besides the processing parameters, the viscosity of the 
matrix [34,35] and composition of the blend [20,30,36–41] play important 
roles in obtaining optimal properties. 
The main target of this chapter is to bring a complete overview of the 
scientific state of the art on the complex processing-structure-properties 
relationship for MFCs. Figure 2.1 represents a scheme of the most important 
factors which play within this classical materials science triangle for MFCs. 
Various parameters may affect the processing, such as the mixing during 
extrusion, drawing of the dispersed component, and injection speed or 
temperature during injection moulding. Furthermore, the microstructure of the 
composite is dependent not only on the processing parameters but also on the 
composition of the blend and viscosity of the components, as well as on the 
dispersion and distribution of the microfibres found in the final morphology. 
In the end, the properties of MFCs will be affected by both achieved 







Figure 2.1. Main parameters affecting the relationship between processing, structure and 
properties in MFCs. 
 
2.1. The Concept of Microfibrillar Composites 
2.1.1. Development of MFC Structure during Production 
 
MFCs are found to be a very interesting class of fibre-reinforced 
composites due to their easy and economical processing method. Unlike other 
fibre-reinforced composites, the fibres in MFCs are formed in situ and there is 
no need for a dispersion step during the manufacturing [42]. Therefore, the 
agglomeration of the reinforcing component may be drastically reduced and 
perfect homogeneous distribution of the reinforcement in the matrix may be 
achieved [42], which is the biggest issue when the commercial fibre-reinforced 
composites are processed [7]. Researchers have reported that applying the 
concept of MFCs to immiscible polymer blends is a good way to achieve high 
mechanical properties [18].  
The processing of MFCs is recognised as a three-step processing method 
(Figure 2.2): 
i. melt blending of two immiscible polymers via single- or twin-screw 
extrusion (1 in Figure 2.2) at the processing temperature of the higher 





blend with uniform and an as-fine-as-possible dispersion of the 
second component in the matrix. 
ii. fibrillation (2 in Figure 2.2), through either cold drawing or hot 
stretching of the extrudate into a highly oriented molecular fibrillary 
state (both polymers become oriented). The main differences between 
these two drawings lie in the temperature. The cold drawing happens 
slightly above the glass transition temperature (Tg) of the 
reinforcement and a highly oriented molecular fibrillar state may be 
achieved as the drawing goes via necking [42,43], while the hot 
stretching goes directly from the melt. Hot stretching can also be 
called ‘melt stretching’; the molecular orientation, however, is 
typically much lower compared to the cold drawing technique 
[21,29,40,42,44,45]. Both ratios may affect the aspect ratio of the 
fibres and final morphology of the composite. The DR can be defined 
as the ratio of the areas (before and after the drawing), but it may also 
be calculated as the ratio of the velocity of the rollers [7,8]. 
iii. isotropization of the matrix via injection (3a in Figure 2.2) or 
compression (3b in Figure 2.2) moulding. This is a thermal treatment 
of the microfibrillar blend at the processing temperature of the lower 
melting component. During this post-processing of the microfibrillar 
blend, only the matrix is re-melted while the fibres are preserved, and 
the final MFCs may be formed. Depending on the final processing 
technique, the MFCs will exhibit either a quasi-isotropic or 
anisotropic structure.  
 





Four key requirements must be fulfilled when manufacturing MFCs: 
• both polymers must be processable at the temperature of a higher 
melting component without degradation as the melt blending is 
happening at the temperature of the reinforcing element; 
• both polymers must be thermodynamically immiscible; 
• both polymers must be sufficiently stretchable and be able to elongate 
into highly oriented microfibres; 
• the difference in Tm of two components should be at least 40 ºC for 
the reinforcing fibres to retain their shape during the post-processing. 
The temperature of processing during the isotropization is of great 
importance, as at very high processing temperature, the fibres may be 
lost. 
 
2.2. Microstructural Development of Microfibrillar 
Composites 
2.2.1. Droplet Deformation, Breakup and Coalescence 
 
During the blending process, polymers will undergo different 
morphological changes. The dispersed component may be converted into 
smaller domains by the action of shear and extensional stresses [46–50]. The 
morphology obtained after melt blending is an important parameter influencing 
the drawing of the microfibres during the fibrillation step. Therefore, the 
fundamentals of deformation, breakup and coalescence of the droplets play a 
crucial role in defining the final microstructure of the blend, and they are 
related to the interfacial tension, shear stress and the viscosity ratio of the 
polymers. According to Taylor  [51,52], the most widely used parameter to 
manipulate the morphology of the polymer blend is the viscosity ratio (λ) 
(Equation 2.1):  
 
                                       𝜆 =
𝜂𝑑
𝜂𝑚
                                   (2.1) 
 
where ηd is the viscosity of the dispersed component, while ηm is the viscosity 
of the matrix. This parameter has been in use for decades and remains as the 
norm today [53–56]. 
When shear rates are large and matrix viscosity is high, the obtained blend 
contains a large particle size and a low interfacial tension; therefore, the 
deformation of droplets is enhanced. On the contrary, when there is a high 
dispersed component viscosity, high interfacial tension between components 





In the case of higher viscosity of the dispersed component than the matrix, 
Taylor explained that the droplets will form a spherical shape, while the lower 
viscosity of the dispersed component in the high-viscosity matrix will cause 
drawing of the droplets, eventually breaking them up, resulting in their 
coalescence (Figure 2.3). 
 
Figure 2.3. Deformation of droplets during melt blending, depending on the value for λ. 
Despite theories about the deformation in polymer blends, there have been 
a few attempts to quantify the level of deformation and the coalescence during 
melt processing [57]. During melt blending, the dispersed component 
experiences both breakup and coalescence of the particles, thus a particle may 
retain its original shape or be deformed into a cylindrical shape [58]. 
Some studies have confirmed that the elongational flow is more efficient 
than the shear flow for deformation and breaking up of the droplets [58–60]. 
This large difference was particularly noted when the viscosity ratio was λ>3 
[59]. The shape of the droplets is determined by the viscous force and the 
pressure distribution around the droplet arising from the elasticity. Besides the 
viscosity ratio and interfacial tension of the blend, the elasticity of the polymers 
plays an important role in the deformation of the droplets [59]. 
Another important factor is the potential coalescence of the droplets. 
Researchers have studied the shear-induced coalescence of polymer blends and 
found that the coalescence can be enhanced by the same factors that force the 
droplet breakup (higher shear rates and reduced dispersed component 
viscosity). The time of agglomeration of the dispersed component should 
increase with the viscosity of the matrix and with particle diameter, but it 
would decrease with an increase of the interfacial tension coefficient [59]. It 
was mentioned earlier that an addition of compatibilizers may improve 





reduce the particle size. However, to mitigate the effects of immiscibility in 
polymer blends, a promising solution would be to apply the concept of MFCs 
instead. This concept relies on the thermodynamical immiscibility of the 
components and the immiscible blend is, in fact, an advantage for making 
MFCs [7,8,18,24,26]. 
 
2.2.2. Phase Morphology 
 
Figure 2.4 shows the development of the typical MFC microstructure from 
the melt mixing when the droplet formation takes place, through the cold 
drawing (fibrillation), up to the morphology observed after the final 
processing step of (matrix) isotropization. 
 
Figure 2.4. Morphology development of MFCs. 
 
Fakirov and co-workers [61] explained the fibre formation in MFCs and 
pointed out the contribution of coalescence. During extrusion, the blend 
obtains a homogeneous dispersion of the minor component within the major 
component – matrix (Figure 2.5a). The starting blend is very important, as 
the size of the particles may vary depending on the weight or volume ratio of 
the components or the compatibilizers (if present). With drawing, both 
polymer constituents become oriented, and during this step, the phenomenon 
of coalescence plays a crucial role in achieving long fibres. With the 
application of a low DR, spherical particles interconnect and transform into 
ellipsoids (Figure 2.5b). At this moment, the dominant process is the 
coalescence of the particles, after which the ellipsoids become thinner and 
longer with the progress of drawing, leading to high aspect ratio fibres at the 
end (Figure 2.5c). Additionally, several researchers have investigated the 
coalescence of the dispersed component during melt flow under shear [62],  
extensional [41,57,63,64], and capillary flow [46]. The formation of the fibres 
by coalescence was reported for all cases. It is very important at which DR the 
fibres are drawn. Typically, the optimal ratio during the cold drawing was 
found to be between 5 and 8 [32,61,65] to avoid breaking up of the 
microfibres, but never more than 12 [8,18,24,26,27,66–68], while the hot DRs 







Figure 2.5. SEM micrographs of cryo-fractures of a) blend PP/PET (60/40 wt%) as extruded 
and b) of drawn PP/PET (70/30 wt%) blend after etching of the polypropylene (PP) matrix 
of samples taken at lower draw ratios, c) at higher draw ratios. Reproduced with permission 
[61]. Copyright 2007, Taylor&Francis. 
In order to achieve high-level mechanical properties, the two main factors 
– the adhesion between the matrix and reinforcement and the aspect ratio of 
the fibres – must be considered [69]. Several studies have reported successful 
ways of improving the interfacial adhesion between the reinforcing fibres and 
matrix such as the incorporation of the compatibilizer [18,70–74], presence of 
the transcrystallinity (TC) [22,75–78], or chemical interactions [79,80].  
 
2.2.3. Crystalline Morphology 
 
Besides the morphological control of the dispersed component being 
crucial to achieving good properties, the crystalline morphology of 
semicrystalline matrices plays an important role as well. The crystalline 
growth, the orientation of the lamellae, and the size and perfection of the 
crystals must be taken into account when processing MFCs. It is well known 
that the fibres may act as heterogeneous nucleating agents for the matrix, 
which can cause changes in the crystalline growth and force lamellae to grow 
in the lateral direction forming a transcrystalline layer (TCL) [22,78,81–87]. 
Figure 2.6 shows the principle of TCL formation on the reinforcing fibre. 
The scheme shown in Figure 2.6 represents the growth of the TC 
perpendicularly to the fibre, while in the bulk randomly oriented spherulites 
may be observed. In the fibrillated blend flow induced nuclei and microfibre 
nuclei co-exist, and thus the oriented polymer chains may crystallise from 
these nuclei and form highly oriented crystals. During the crystallisation in 
MFCs, these nuclei may hinder the lateral extension and crystallise normal to 







Figure 2.6. Schematic representation of the formation of the TCL around the fibre. 
The TC phenomenon is still not fully understood; however, plenty of 
studies have already been done on the influence of different glass and carbon 
fibres, and some polymer fibres on the TC of semicrystalline matrices 
[75,76,78,82,86,89,90]. TC may be affected by several factors (Figure 2.7), 
such as the type of fibres [85], their topography [91,92], and thermal 
conductivity [90], but also the type of matrix [85], crystallisation temperature, 
and cooling rate [82,90]. Nonetheless, there is no clear agreement amongst 
researchers whether this layer has a positive or negative influence on the 
mechanical properties of the fibre composites. Nonetheless, it is assumed that 
TCL plays an important role in adhesion between the reinforcing fibres and 
the matrix, and it is expected that the orientation of the chains in the TCL can 
determine the nature and degree of its effect on the mechanical properties of 
the fibre composite [82]. 
 
 
Figure 2.7. Conditions of transcrystallinity formation and growth [82,85,89–91,93–98]. 
Regarding the nature of the fibre, the number of nucleating sites available 
to nucleate the matrix is very important. For example, natural fibres like cotton 





may induce nucleation of the matrix [82,91]. The surface roughness of the 
fibre is another important parameter. Fibres with higher surface roughness and 
complexity may induce the formation of more nuclei and lead to a thicker TCL 
in the interfacial region [89]. 
It was reported that the driving force for the formation of the TCL is the 
interfacial stress between the solid fibre and melted matrix. Several 
researchers proposed that shear-induced flow will facilitate TCL growth 
[89,90,99]. In determining TC, the modulus and strength of the fibres may 
play an important role. It was found that high modulus fibres show an 
excellent longitudinal stiffness and nucleating ability [82]. On the other hand, 
some researchers [90,100] have reported that high-strength fibres are poor 
nucleants; thus, a TCL might not occur in these composites. It was observed 
that nucleated spherulites grew with the same frequency at the fibre surface 
and in the bulk polymer in this type of composite. However, these 
investigations were done on composites consisting of carbon and glass fibres; 
therefore, the same inference cannot be concluded for thermoplastic fibres.  
Furthermore, the thickness of the TCL is important and it is dependent on 
the crystallisation temperature and time. It was reported that in the quiescent 
state, the TC growth rate was slow, while under stress, TC developed quickly. 
The properties of the TCL may reflect a higher degree of order when compared 
with those of the matrix. The reason for that would be a more compact crystal 
packing and a preferred crystalline alignment [82]. In general, when the TCL 
is relatively thin, it means that a high level of chain orientation is present 
around the fibres, while in the case of thick layers, loss of orientation might 
occur because the lamella may twist while growing. Thus, a thicker TCL can 
result in lower-level of longitudinal properties [101]. 
Friedrich et al. [22] have studied the organisation of LDPE lamellae in 
LDPE/PET MFCs by transmission electron microscopy (TEM). They 
observed quite a clear formation of the TCL in the vicinity of the PET fibre. 
As can be seen from the TEM micrograph (Figure 2.8a), at the surface of the 
fibre, the lamellae were aligned parallel to each other and placed 
perpendicularly, while in the bulk matrix, they were randomly dispersed. 
Similar findings were reported by Li et al. [78,102] in the case of PP/PET 
MFCs. They have analysed a microfibrillar blend after stretching via atomic 
force microscopy (AFM) and visualised the appearance of PP shish-kebabs 







Figure 2.8. a) TEM micrograph of the injection-moulded LDPE/PET MFC. Reproduced 
with permission[22]. Copyright 2001, Springer Nature, b) AFM-phase image of the 
cryogenic surface of the as-stretched PP/PET microfibrillar blend, where A represents the 
shish of iPP, B the kebab of iPP induced by iPP shish and C the kebab of iPP induced by 
PET microfibre. Reproduced with permission [102]. Copyright 2005, Elsevier. 
Lopez-Manchado et al. [103] have investigated the effect of PET and PA 
short fibres on the iPP matrix crystallisation behaviour and found that both 
fibre types have forced lamellae to form a TCL at the surface of the fibres, 
which resulted in higher crystallisation rates. Numerous studies have reported 
the effect of the microfibres on the matrix crystallisation [40,75,76,88,103–
108]. It is well known that fibres, as heterogeneous nucleating sites, can 
enhance the crystallisation of the matrix and shorten the crystallisation times 
of MFCs. Understanding melting and crystallisation behaviour is important 
for the design of processing conditions and their relationship with the final 
microstructure of MFCs. 
 
2.3. Properties of Microfibrillar Composites 
2.3.1. Mechanical Properties 
 
Mechanical properties of MFCs are strongly affected by their morphology 
development [17,19,29,33,40,109]. Primary, the mechanical properties are 
dependent on three factors: the stiffness and strength of the fibre, the stiffness 
and strength of the matrix, and the effectiveness of the fibre-matrix interface 
used for the stress transfer. These factors are determined by the 
microstructural details, such as crystallinity, spherulite size and presence of 
TCL, which are controlled by processing parameters [82]. 
A commonly used method for the prediction of traditional material and 
blend properties is the law of mixtures (LoM). When Evstatiev and co-authors 
[38] applied calculations based on LoM to MFCs, the achieved experimental 





used for a prediction of strength, is that strain compatibility cannot be assumed 
with certainty. However, there is another criterion called Tsai-Hill [110] 
(Equation 2.2 and 2.3) that can be used for fibre-reinforced composites:  
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where Ec, Ef and Em are the elastic moduli of the composite, the reinforcing 
component, and the matrix, respectively; Φf  is the volume fraction, and L/D 
is the aspect ratio of the fibres. This theory was successfully applied by Yang 
[111] for an investigation of the strength of glass- and carbon-fibre-
composites. 
Fuchs et al. [16,112] have tried to study the failure of MFCs by applying 
the model of Tsai-Hill. They have reported results on PP/PET MFCs made by 
compression and injection moulding, and in both cases, the measured values 
of the specimens were slightly higher than those calculated by the equation. 
They have explained this by a more homogenous distribution of the fibres, a 
higher aspect ratio and better adhesion between the matrix and the 
reinforcement than in the glass- or carbon-fibre-reinforced composites. Li et 
al. [29] reported similar findings on MFCs based on HDPE and PET. Their 
experimental data showed much higher values than the predicted ones for the 
different aspect ratios of the fibres. Hence, predicting the mechanical 
properties is not easy when related to MFCs. Fakirov and co-authors [8] have 
explained that the Tsai-Hill equation cannot achieve the same degree of 
accuracy from the initial bulk polymer because the properties of the bulk 
polymer mainly depend on the drawing and crystallinity of each individual 
component, while in the case of glass or carbon-reinforced composites is 
achievable, as they are considered more homogenous. Moreover, the DR and 
concentration of the second component may affect the orientation and crystal 
structure of the fibre. Therefore, if the composite contains highly oriented 
macromolecules in the fibres, they may induce higher crystallinity and fibre 
modulus [29]. The processing might be an additional factor, as during the 
isotropization via injection moulding, microfibres can lose their uniaxial 








Table 2.1. Improvement of the mechanical properties of the different MFCs over their 
matrices and neat blends. 
*CDR – cold draw ratio, HSR – hot stretch ratio, IM – injection moulding, CM – compression moulding, GAIM – gas-assisted 
injection moulding, MIM – micro-injection moulding, g)neat matrix – matrix used for MFCs, blend – neat injection-moulded 
blend.  
 
Regardless of the predictive calculations, MFCs are fibre composites with 
promising properties. Researchers have reported studies on the mechanical 
properties of MFCs based on PP/PET [16,112,113], LDPE/PET [109], 
HDPE/PET [17,29,71], PP/PC [114], PA/PET [33,117,118] and HDPE/PA 
[19,116,119,120]. Table 2.1 shows a percentage-based increase (↑) or 
decrease (↓) in the MFCs’ mechanical properties in comparison to their neat 
matrices and blends. 
Jayanarayanan et al. [109] have studied the mechanical properties of 
blends and MFCs prepared from LDPE and PET in a weight ratio of 75/25. 
When the MFC was compared to the neat LDPE, the results showed that the 
tensile modulus was three times higher, and the tensile strength had increased 
by 44 %, while the elongation at break had decreased by about 63 %. In 
comparison to the blend, the MFC showed an increase of 24 % and 42 % for 
tensile modulus and strength, respectively, and the strain at break had 
decreased by 33 %. The reduction of the elongation could have been caused 
by the low adhesion between the microfibres and the matrix, but the reason 
may also lie in the already thin and sufficiently elongated microfibres, and 
thus there is less space for cavitation to take place, resulting in an earlier 
failure. Similar results were obtained for composition w/w 85/15 (see Table 
2.1). 
For the composition HDPE/PET (w/w 75/25), an improvement of 
mechanical properties was also reported by Lei and co-workers [71]. They 
   Improvement % over neat matrix or neat blend 



















PP/PET[113] 85/15 CDR 8 IM PP ↑31 ↑8 ↓5 ↑40 
PP/PET[8] 70/30 CDR 8-11 CM PP ↑77 ↑50 ↓8 ↑50 
PP/PC[114] 80/20 CDR 15 GAIM PP ↑133 ↑34 ↓99 - 
HDPE/PET[71] 75/25 HSR 25.6 IM HDPE ↓62 ↑30 ↓50 - 
HDPE/PC[115] 80/20 HSR 20 CM HDPE ↑202 ↑1 - - 
HDPE/PC[115] 80/20 HSR 20 GAIM HDPE ↑252 ↑68 - - 
HDPE/PA[116] 80/20 CDR 7 MIM HDPE ↑36 ↑29 ↓83 ↓18 
LDPE/PET[109] 75/25 CDR 6-8 IM LDPE ↑200 ↑44 ↓63 - 
LDPE/PET[109] 85/15 CDR 6-8 IM LDPE ↑146 ↑39 ↓63 - 
PA/PET[33] 70/30 CDR 4 IM PA ↑180 ↑53 - - 
PA/PET[33] 50/50 CDR 4 CM PA ↑360 ↑348 - - 
PP/PET[113] 85/15 CDR 8 IM PP/PET ↑27 ↑35 ↑33 ↑69 
LDPE/PET[109] 75/25 CDR 6-8 IM LDPE/PET ↑24 ↑41 ↓33 ↑21 





achieved a tensile strength increase of about 30 % when compared to the neat 
HDPE. Furthermore, enhancements in mechanical properties were reported 
for an MFC based on PP and PC [114]. Researchers noticed an increase of the 
tensile modulus (133 %) and strength (34 %) in relation to those of the neat 
PP. However, the PC microfibres caused a tremendous decrease in the strain 
at break of up to 99 % due to their brittleness. In one of the studies conducted 
on condensation polymers, Evstatiev and co-authors [33] compared tensile 
properties of virgin PA and the MFC PA/PET (w/w 70/30). Tensile modulus 
of the MFC was three times higher than the one achieved for the neat PA, 
while the tensile strength had increased by 50 %. In the same study, the results 
for the compression-moulded MFC (PA/PET, w/w 50/50) were reported as 
well. A tremendous increase in tensile modulus and strength was detected in 
relation to the compression-moulded PA. The authors explained that an 
increase of uniaxial mechanical properties is dependent on the orientation of 
the laminates. 
Additionally, researchers [66] have compared the mechanical properties of 
PP/PET MFCs with commercial short-glass-fibre-reinforced PP composites 
and reported that MFCs containing PP/PET at a 50/50 weight ratio had 
achieved a tensile strength four times higher a than the PP composite 
containing 30 wt% glass fibres. They also reported an increase of 20 % in the 
tensile modulus [8]. Similar results were reported for the MFC system based 
on LDPE/PET. The superior properties have been explained by the existence 
of the LDPE TCLs around the PET fibres [22,121] that enhanced the fibre-
matrix interface. The improvement has also been attributed to the higher 
aspect ratio of the fibres compared to the short glass fibres. 
 
Figure 2.9. Tensile fracture model of the a) blend and b) MFCs. Adapted and reproduced 





Chen et al. [40] have compared the properties of blends and MFCs 
prepared from polyethylene (PE) and PET. They have explained the difference 
in the reinforcing effect of PET spherical particles and long PET microfibres 
in one of their studies. The authors have pointed out that in the composite 
containing spherical particles, the cavities will appear at the interface between 
the dispersed component and the matrix upon elongation due to lack of 
interaction and low adhesion (Figure 2.9a). In contrast, in the composite with 
high aspect ratio fibres (Figure 2.9b), the interfacial area between the 
microfibres and the matrix is large enough to improve the interfacial contact 
between the components. In this case, the matrix will exert pressure on the 
fibres during elongation by producing frictional forces which will hinder the 
composite from deforming, resulting in limited cavitation formation and very 
small ultimate elongations of the composite. The high aspect ratio of the 
microfibres plays an important role in the improvement of the tensile modulus 
and strength, while it is not favourable for elongation. Moreover, fibres 
oriented along the direction of the tensile loading may achieve higher 
reinforcing efficiency than the fibres oriented perpendicular to the loading [8].  
It has been reported that the fracture toughness of the composites can be 
strongly affected by the dispersion of the microfibres and interfacial tensions 
between the matrix and fibres, and thus the resistance of the composite to the 
crack propagation [122]. There are several favourable deformation 
mechanisms which can occur during the impact fracture, such as cavitation, 
decohesion, shear bending, and crazing [123]. 
 
 
Figure 2.10. Impact fracture mechanism of MFCs a) crazing mechanism; b) zig-zag path of 
crack propagation in fibre composite. Reproduced with permission [124]. Copyright 2002, 
Elsevier. 
 
In fibre-reinforced composites, crazing is one of the favourable 





(Figure 2.10a). The fibres may transmit the stress to the matrix, which will 
make the matrix participate more actively in the stress transfer and, in the end, 
increase the total energy absorption [122]. When the fibres are aligned 
perpendicular to the impact direction, the crack may propagate along the 
impact direction, but it may also deflect at an angle from the impact direction 
and follow a zig-zag path (Figure 2.10b). When the fracture starts, the 
microcracks will form stress singularities, and the crack will reach the first 
fibre (1); furthermore, once the interface fracture is completed, the 
propagation continues to the second (2) and third fibre (3). Finally, the crack 
propagates over the fourth fibre, and the fractures follow a zig-zag path (4) 
[122,124]. 
The orientation of the fibres in MFCs is of great importance for the 
improvement of the mechanical properties because the composite will behave 
differently depending on what type of load was applied. To better understand 
the failure of composites during impact, an illustration of the orientation of 
different fibres may bring a better insight. Figure 2.11 represents the impact 
fracture mechanism of three different types of MFCs. Often, microfibres in 
the composite may be oriented in parallel, transverse or random direction, 
which will affect the toughness of the material differently.  
 
 
Figure 2.11. Impact fracture model of MFCs with different fibre orientation. 
 
As can be seen from Figure 2.11, in MFCs with parallel and random fibre 
orientation, a crazing mechanism is present. In these composites, the crack 
will propagate along the impact direction, but it will also deflect at an angle 
from the impact direction, while in MFCs with fibres oriented in the transverse 
direction, it will propagate only along the main impact direction. This would 





than in transverse MFCs because the fibres can induce the crack deflection 
perpendicular to the impact direction and transmit the stress to the matrix. 
Denchev et al. [120] have explained that in random-oriented MFCs, failure 
starts at lower energy levels, but before a total fracture, the crack propagation 
requires more energy, which explains the increased toughness in these 
composites. 
 
 Figure 2.12. Stress/strain curves of PP/PET MFCs with various microfibre orientations: 
(a) uniaxial, (b) cross-ply, (c) PP neat isotropic (no microfibres), (d) random. Reproduced 
with permission [125]. Copyright 2012, WILEY‐VCH. 
 
McCardle and co-authors [125,126] have investigated the effect of the 
orientation of the fibres on the mechanical properties of MFCs. They have 
reported achievement of the highest values for the mechanical properties in 
the case of uniaxial-oriented MFCs, although in cross-ply MFCs, significant 
improvements were detected as well. From the stress-strain graph (Figure 
2.12), it can be noted that all samples obtained brittle behaviour without 
necking due to the high-aspect ratio of the fibres and the high crystallinity of 
the samples. They explained that during the test, some of the uniaxial samples 
broke unexpectedly along the length of the specimen, cleaving along the 
matrix-fibre boundary, which actually needs less energy for breaking than the 
strong fibres. The tensile properties, as listed in Table 2.2, reveal that random-
oriented MFCs did not show any improvement when compared with neat PP. 
The results obtained were quite disappointing, as the modulus decreased 
by 10 %, while strength was reduced for even 65 %. Since in this sample the 
fibres are randomly oriented, perhaps some fibres were aligned perpendicular 
to the testing direction, causing low-stress transfer between the fibres and 





cross-ply MFC had an increase of 44 % for the tensile modulus; however, the 
tensile strength achieved a minor improvement of only 3 %. 
 
Table 2.2. Mechanical properties of the PP/PET 70/30 MFCs in different orientations, 
with the improvement over the isotropic neat PP matrix material. Reproduced with 
permission [150]. Copyright 2012, WILEY‐VCH. 
 
As can be seen, uniaxial MFC achieved 77 % and 50 % of improvement 
for the modulus and strength, respectively. Researchers have pointed out that 
in the uniaxial MFC, the parallel alignment of the fibres was excellent, both 
inside the matrix and after extraction of the PP. The majority of the fibres 
achieved an impressive aspect ratio; however, they stated that the fibres 
needed a greater consistency in the aspect ratio, as a large number of spheres 
failed to coalesce. Despite more or fewer improvements, researchers stated 
that the cross-ply and randomly oriented fibre composites might be more 
useful in the real applications as they are strong in multiple directions.  
 
2.3.2. Rheological Properties 
 
The rheological behaviour of MFCs depends on several factors such as 
fibre volume fraction, aspect ratio and flexibility of the fibres, fibre size and 
the interface between matrix and fibres [56,127–130]. MFCs do not behave 
similarly to more well-known composites, such as commercial short-glass-
fibre composites. Microfibres present in MFCs are just a few microns thick 
and more flexible than glass and carbon fibres. Therefore, during processing, 
they can easily be twisted and distorted. This level of flexibility is very 
important as it determines the breakage level, and thus the fracture of fibres 
may lead to the lower aspect ratios affecting the rheological properties [127] 
Murata et al. [131] reported that polytetrafluoroethylene (PTFE) fibres 
might enhance the melt tension of a PP matrix, while Kurose et al. [132,133] 
detected a strain hardening in uniaxial elongational viscosity in the PP matrix 
containing PTFE fibres, which is attributed to elastic deformation of the fibres. 
Yokohara et al. [56] have reported that poly(butylene terephthalate) (PBT) 
















Isotropic matrix 1.93 ± 0.21 - 28.34 ± 2.01 - 3.65 ± 0.76 
MFC random 1.74 ± 0.42 ↓10 9.89 ± 1.77 ↓65 0.79 ± 0.24 
MFC cross-ply 2.78 ± 0.39 ↑44 29.33 ± 2.03 ↑3 4.34 ± 1.15 





mentioned that the low interfacial tension between PLA and PBT could play 
an important role in the rheological response, as the interfacial thickness 
between the immiscible polymers increases with a decrease of the interfacial 
tension [134,135]. 
Xu et al. [136] have studied the rheological behaviour of PE/PET and 
PE/PC MFCs, and it is well known that these two systems will behave 
differently at the processing temperature of the PE. They compared the 
apparent viscosities of PE/PET and PE/PC MFCs and observed a drastic 
increase in the concentration variation of the microfibres in case of the 
PE/PET. PET is a semicrystalline polymer with a high Tm of 230 – 250 ºC and 
a Tg of 80 ºC; therefore, at the processing temperature of the PE, its fibres will 
be in the solid state. On the other hand, PC as an amorphous polymer will 
soften above its Tg of 147 ºC, and its fibres will be more flexible and deform 
more easily. Additionally, they concluded that the apparent viscosity is very 
sensitive to the concentration of the microfibres during the low shear rate, as 
the fibres are quite disoriented at the low rates, while at the high shear rates, 
they remain highly oriented [137]. 
In another study, Xu and co-authors [127] have focused on investigating 
the effect of fibre flexibility on the rheological properties of PET/HDPE 
MFCs. The different flexible PET fibres were obtained by incorporating 
thermoplastic polyester elastomer into the PET. It was reported that variation 
in elasticity is mostly a consequence of the changing flexibility of the fibres. 
During the shear flow, the geometry of the fibres, i.e. their orientation and 
stretch, can be affected. Therefore, they observed the fibres without 
undergoing the shear flow, where randomly distributed and entwisted 
microfibres were detected.  
 
Figure 2.13. Temperature dependence of the viscoelastic parameters for neat HDPE and 
microfibrillar blends at a frequency of 1 rad/s. (a) Storage modulus G’ versus temperature; 
(b) loss modulus G’’ versus temperature. The HDPE concentration in microfibrillar blends 






However, at a shear flow of only 5 s-1, the fibres straightened, while with an 
increase up to 60 s-1, they became fully oriented along the flow direction. The 
results of the elastic deformation are the excellent orientation and geometry of 
the fibres. Researchers have explained that fibres with a higher storage 
modulus have a greater resistance to the movement of the molecular matrix 
chains, their orientation and conformational changes, thus leading to an 
increase of the melt elasticity. 
The graphs in Figure 2.13 reveal that the microfibrillar blend PET/PE 
presented a steep drop in storage modulus (G’) at 250 ºC, which corresponds 
to the melting peak of PET. At a temperature above 230 ºC, the PET fibres 
began to melt and break up forming ellipsoidal and spherical particles, which 
led to lower resistance to melt flow. Therefore, to consider the flexibility of 
the microfibres as an influence on the melt viscosity, the fibres breakage 
during shear stress should be included, as the fibres with various flexibility 
can have different breakage levels. With a change in the fibre aspect ratio, the 
viscosity of the microfibrillar blends should have an obvious decrease. 
Dynamic rheological measurements have shown that the flexibility of the 
fibres may lower the viscosity of the melt. Several researchers have 
investigated the influence of rigid and flexible fibres on the melt viscosity 
[138–140]. It was reported that the rigid glass fibres are more oriented than 
flexible fibres, but this can be considered as true only if both are straight 
throughout shear flowing. Under a high shear rate, more flexible fibres will be 
straighter than the rigid ones, resulting in reduced melt viscosity. This implies 
that flexible fibres have a positive influence on the processability of the 
microfibrillar blends. However, with increased flexibility, along with the flow, 
the fibre diameter and shape may become more irregular, which would lead to 
local flow chaos and strengthen the interaction between the matrix and fibres. 
In that case, microfibres may overlap to form a network, which could lead to 
increased viscosity. In the end, the viscosity is a result of all these aspects. 
 
2.3.3. Barrier Properties 
 
The role of some polymers and their composites used in packaging is to 
act as a barrier between the content of the packaging and the environment by 
reducing the transmission of flavours, gases, vapours, and moisture [141] 
Polymers such as ethylene vinyl alcohol (EVA) and PA have a high oxygen 
barrier property [142], while PET is resistant to aromas and flavours, and PP, 
HDPE and LDPE to moisture [143]. Gas and liquid barriers are crucial for any 
food packaging application. There are several techniques to improve barrier 





higher-barrier ones, and iii) addition of inorganic particles, spheres or fibres 
to low-barrier polymers [65]. Barrier properties may be affected by the 
molecular structure and chain distribution, degree of branching and cross-
linking in polymers, but also by crystallinity, as the gas can permeate through 
the amorphous regions more easily than through tightly packed crystalline 
regions [143–146]. 
 
Figure 2.14. The distance a penetrating molecule must travel to permeate a film is influenced 
by the internal morphology of the film. Reinforced films create longer travel distances, which 
result in lower permeability. Reproduced with permission [65]. Copyright 2008, Elsevier. 
Shields et al. [142] have reported that, due to their unique structure and 
ability to create an even dispersion of the oriented micro-sized fibres, the use 
of MFCs in the packaging of milk bottles could improve two main issues: light 
transmission and oxygen permeability. They have compared the permeability 
of the neat linear low-density polyethylene (LLDPE) film and LLDPE/PET 
MFCs in one of their studies where significant changes in the microstructures 
were reported [141]. The LLDPE showed a homogenous microstructure, 
while the MFC film showed the PET microfibres aligned perpendicular to the 
path of gas permeation, which reduced the gas permeability by 55 % by 
creating a tortuous path (Figure 2.14). Preparing MFC films can be an 
advantage, not only over monolayer but also multilayer films. Most of the bi- 
and multilayer films contain an additional adhesive layer in between to 
improve the compatibility of the polymers. Regardless of the improved 
compatibility and mechanical properties, they often cause difficulties during 
the separation of the multilayers, which may affect the process of recycling 
[147]. Furthermore, the choice of the reinforcing filler is very important as the 
permeability will depend on the effectiveness of the reinforcement, its shape 






Figure 2.15. Effective barrier areas for three of the most common reinforcing particle 
shapes, showing the relationship between effective barrier area and particle volume. 
Reproduced with permission [65]. Copyright 2008, Elsevier. 
In another study, Shields and co-workers [65] have pointed out the 
importance of the shape of the reinforcement. They explained that the 
presence of high aspect ratio fibres provides a surface sufficiently large per 
unit volume of PET in the plane of the film, which can force the oxygen 
molecules to deviate from a direct path through the films. They prepared 
different combinations of the films reinforced by spherical particles, plates, 
cigars and microfibres (Figure 2.15 and Table 2.3).  
 
Table 2.3. Structure of PET reinforcement and degree of crystallinity of PE matrix. 
Reproduced with permission [23]. Copyright 2008, Elsevier. 
Film Structure of PET reinforcing PE crystallinity [%] 
1 Spheres 42.4 
2 Spheres 38.3 
3 Plates, cigars and microfibres 42.5 
4 Plates, cigars and microfibres 39.1 
5 Microfibres 40.4 
6 Microfibres 36.7 
7 Microfibres 49.2 
8 Microfibres 41.3 
 
The obtained results have shown considerably enhanced oxygen barrier 
properties for almost all samples in relation to the neat LLDPE film. 
Researchers have explained that MFC samples containing thicker fibres 
contributed to the harder oxygen flow through the film (samples #5 and #6, 
Figure 2.16). Although the microfibres have proven to be effective barriers, 
the researchers noticed that the barrier properties were dramatically improved  
for the sample showing microfibers in combination with reinforcing plates 
(sample #3, Figure 2.16) [65]. Their results indicate that MFCs have the 





conditions, such as the size of the die aperture, DR and cooling time, are of 
great importance for barrier properties. 
 
 
Figure 2.16. Oxygen permeability of blend films and microfibrillar composite (MFC) films. 
Film #3 has barrier properties three times better than the worst film, #2. Reproduced with 
permission [65]. Copyright 2008, Elsevier. 
In addition, a recent study by Xie et al. [148] showed that nanoplates can 
be effective barriers for gas permeability. They reinforced poly(lactic acid) 
PLA by nanolaminates of poly(butylene succinate) (PBS). All composites 
achieved a lower oxygen permeability compared to the neat polymers. 
Particularly, the composition w/w 80/20 PLA/PBS showed excellent barrier 
properties. They explained that well-dispersed PBS nanosheets may act as 
robust barriers to the diffusing gas molecules, providing higher permeability 
resistance.  
 
2.4. Processing-Structure-Property Relationship of 
Microfibrillar Composites 
 
Studying the relationship between the processing, structure and properties 
is fundamental for achieving high-quality MFCs. This section will focus on 
explaining the several factors which are very important for in situ fibrillation. 
The effect of the viscosity ratio, composition ratio, addition of compatilibizers, 
shear stress/shear rate, and processing parameters such as screw speed, mixing 








2.4.1. Influence of the Composition Ratio on Fibre 
Development and Properties 
 
The morphology of MFCs depends significantly on the composition ratio 
of the components in the starting blend. The diameter, dispersion and 
distribution of the microfibres can be strongly affected by varying the 
composition ratio. Increasing the amount of the dispersed component may 
favour coalescence of the particles during the drawing step, resulting in bigger 
fibre diameters, as well as a broader distribution. During drawing, both 
coalescence and elongation take place; however, due to the higher content of 
the dispersed component, the coalescence can predominate, and the formed 
fibres may be thicker [40]. 
In the study of Chen et al. [40] results were reported on PE/PET MFCs 
containing 5, 10, 15, 20 and 25 wt% of the PET. They showed an increase in 
average and maximum fibre diameter by increasing the dispersed component 
content; however, the minimum fibre diameter remained the same for all 
compositions. It seemed that the smallest fibres were stable enough; therefore, 
they did not break up under the processing conditions or coalesce into larger 
ones. The same trend was observed in another study [149] based on iPP/PPS 
MFCs. Additionally, Chen et al. [40] have explained that samples with various 
PET content behaved from brittle to ductile. MFCs with a lower PET content 
fractured in a very ductile manner with a creep, necking and large drawing, 
while MFCs with the highest PET concentration showed a brittle fracture with 
no creep or necking. Samples with the highest amount of PET (25 wt%) 
achieved an increase in tensile properties which indicated a strong 
reinforcement effect on the matrix. 
 
Figure 2.17. The relationship between the mechanical properties of PP/PA66 and the PA66 
concentration (wt%) for two kinds of samples (● – MFC, ○ – neat blend) a) tensile strength 
(σt), b) tensile modulus (E), c) impact strength (ak). Reproduced with permission [41]. 





Huang et al. [41] have studied the effect of composition ratio in PP/PA66 
MFCs and reported that the particle size and number of the fibres increase 
with the concentration of the reinforcement. They noted more uniform 
dispersion of the fibres in the composites containing lower concentrations of 
the reinforcement (<15 wt%). Their results show an increase in the tensile 
strength of up to 15 wt% of the reinforcement (Figure 2.17a), after which a 
decrease started. It is well known that the fibres with superior axial strength 
have a higher reinforcing effect on the matrix; therefore, with an increase of 
the fibre concentration, the effect would be more noticeable. However, during 
the deformation, the interfacial adhesion between the fibres and the matrix 
plays an important role. Under a mechanical loading, voids at the interface 
may appear, which make the reinforcement unable to bear and disperse the 
loading effectively. Hence, the fibres become stress concentrators with weak 
points, resulting in the failure of the composite. This effect is more 
pronounced in composites with a higher fibre concentration because the 
number and size of these voids increase [41]. 
Furthermore, Huang et al. [41] explain that the PA fibres have a stiffening 
effect on the PP matrix since the bulk modulus of the PA fibres is higher than 
that of the PP matrix. Therefore, by increasing the weight concentration of PA 
fibres, the rigidizing effect is more profound. However, once the concentration 
is sufficiently high, the enhancement becomes negligible (Figure 2.17b). 
MFCs have shown an increasing trend of the impact strength of up to 65 % 
with a change of the weight percentage of the reinforcement (Figure 2.17c). 
With an increment of the fibre concentration, the uniformity of the fibre 
network increased. Thus, the stress can be transferred through the whole fibre 
surface and the matrix, which could decrease the effect of stress concentration 
of the voids at the interfaces and inhibit their propagation, leading to higher 
energy absorption.  
Zhao et al. [39] have investigated the effect of PET fibre content on 
rheological properties and detected a dramatic increase in storage modulus 
with an increase of PET. During measurements, fibres are under the apparent 
yield stress; therefore, the storage modulus manifested a plateau already at low 
frequencies, while tan δ decreased at a low-frequency range indicating that the 
melt response had shifted from being viscous to be elastic. With the higher 
concentration of fibres, the fibre interactions are more dominating, which 
leads to the formation of an interconnected physical network within the 
matrix. It was assumed that a higher fibre ratio would form a network structure 
easier than in composites presenting lower fibre ratios. 
In addition, the concentration of the reinforcement may strongly influence 





PP/PET MFCs that at low PET concentration, the PP matrix can crystallise 
into more perfect crystals. In contrast, at a higher PET microfibre content, the 
PP do not have enough space to form perfect crystals; therefore, it crystallises 
faster by forming smaller and imperfect crystals. Their results show a 
considerable increase in the crystallisation temperature of as low as 5 wt% 
PET, but with a further increase of PET content, they did not notice changes 
in the onset crystallisation temperature. The authors explained this by the fact 
that the heterogeneous nucleation process is not determined by the 
concentration or number of nuclei; instead, it is controlled by its surface-free 
energy. It was pointed out that the global growth rate depends on the 
concentration, which means that at the same crystallisation times, the total 
crystallinity increases with PET concentration, which can be noticed for MFCs 
containing 15 wt% of PET microfibres. 
 
2.4.2. Influence of Viscosity of the Matrix on Fibre Morphology 
 
Choosing the right matrix for the processing of MFCs is equally important 
as the reinforcement itself. It is known that an elongational flow field and a 
small viscosity ratio facilitates the deformation of the dispersed component, 
particularly its fibrillation in the polymer blend [36,53,150]. However, a 
limited number of studies have focused on the influence of the viscosity of the 
matrix on fibre formation. It has been reported that the major parameter for 
the formation of the fibre shape is the λ of the blend [51,151,152]. When the 
ratio is near unity, uniform fibres may be formed. Min et al. [151] have studied 
the PE/PC and PE/PA polymer systems for MFCs, and it was shown that with 
a higher viscosity ratio, the deformation of the dispersed component and, as a 
result, the formation of microfibres, is more difficult. 
Recently, Zhao and co-workers [35] have investigated the effect of PP’s 
viscosity and the PET concentration on the PET nanofibre formation in 
PP/PET nanofibrillar composites (NFCs). They tested four PPs with different 
melt flow rates (MFRs) (3.6, 5, 19, 36 g/10 min, 230 ºC/2.16 kg). They found 
that the system containing the matrix with the lowest MFR and lowest PET 
concentration (3 wt%) obtained the finest PET dispersion, while the one with 
the highest MFR and PET (30 wt%) presented the worst dispersion due to 
active coalescence. They reported that the best dispersion was obtained for a 
λ of 0.2, stating that above this ratio, the diameter of the dispersed component 
would increase. However, with further microstructural development, they 
obtained the finest fibre morphology for the low MFR PP containing 15 wt% 
PET (Figure 2.18). The authors explained this result through the presence of 





which increased the level of coalescence during drawing and resulted in high 
aspect ratio fibres. 
 
 
Figure 2.18. SEM images of the PP/PET NFCs etched using xylene. a), b), c) and d) denote 
PPs with MFR 3.6, 5, 19 and 36 g/10 min, respectively, with 15wt% of PET. Reproduced 
with permission [35]. Copyright 2019, Elsevier. 
 
Yi et al. [153] have reported that a low λ facilitates the formation of the 
dispersed component into the blend with small particle size, which leads to 
high aspect ratio fibres. These types of composites result in higher strengths 
and moduli. They also mentioned that the addition of the compatibilizer may 
increase the λ, but at the same time, decrease the interfacial tension between 
the components causing a reduction in the particle size of the dispersed 
component. In this case, the aspect ratio of the fibres may be lower. However, 
the improvement of interfacial adhesion between the matrix and the 
microfibres will lead to improved mechanical properties. 
Lin et al. [154] have compared the morphology of lower-λ (λ=3.7) and 
higher-λ (λ=6.8) PP/PET blends obtained by extrusion. In the low-λ blend, a 
layered structure with large PET domains next to the skin layer was detected, 
while in the centre, spherical PET particles were dominant. The researchers 
explained that PET domains could coalesce into platelets and orient along the 
flow direction. On the other hand, a high-λ blend showed a fibrillar structure 
of the PET dispersed in the PP matrix. In the skin layer, PET with a fibre-
shape was observed, while in the centre of the extrudate, spherical particles 





elongation of the dispersed component in blends with viscosity ratios λ>3 will 
be more dependent on elongation flow than shear flow, thus mostly affected 
by the die geometry.  
 
2.4.3. Effect of the Melt Blending Step 
 
It is well known that the size and shape of the dispersed reinforcement are 
dependent on physical properties of the polymer in the molten state and type 
of mixing [155]. Therefore, the type of the extruder, screw speed, and screw 
and die geometries are crucial parameters in achieving an optimal blend 
morphology. Researchers have described that there are obvious differences 
between single- and twin-screw extruders. Single-screw extruders are widely 
used for processing of polymer materials. However, the mixing ability of 
single-screw extruders is limited, while twin-screw extruders may provide 
higher compounding ability, enable a more uniform distribution of shear 
within the blend, and mostly operate on the screws that can be designed 
according to the building-block principle. Thus, the screws can be built out of 
positive or negative conveying or kneading blocks. However, this flexibility 
makes a prediction about the processing effect on the size and shape of the 
dispersed component difficult. Most of the difficulties may occur due to the 
complex flow in these machines, which are related to the viscoelastic 
properties and interfacial tensions between the polymer components 
[150,155]. A small number of studies have reported on the influence of 
extrusion parameters regarding MFC preparation, while, for example, the 
effect of drawing or parameters during injection moulding are broadly 
discussed. The effects of these parameters are discussed in the next sections. 
  
2.4.3.1. Barrel Temperature 
 
Lin and co-authors [154] have investigated the development of PP/PET 
morphology achieved during melt blending. It was found that at a lower barrel 
temperature (260 ºC), the formation of finer dispersed fibres was favoured, 
while at a higher temperature (290 ºC), only PET particles were present. They 
also pointed out that near the skin region, particle size may increase with the 
increment of temperature; hence, a broader particle size distribution could be 
expected with a higher barrel temperature. However, the particle size 
distributions in the skin and centre of the sample at 290 ºC were similar. 
Additionally, researchers have mentioned that a longer cooling time could 





domains to shrink back into spherical particles. Thus, slow cooling is not 
favourable for the formation of the fibres.  
 
2.4.3.2. Screw Speed 
 
During extrusion, the screw speed and die aperture may be selected as 
processing parameters of great importance, which may influence the 
morphology and final properties of MFCs. Gokgoz Erkoc et al. [30] have 
reported that very low or very high screw speeds are not suitable for obtaining 
a good PP/PET MFC morphology. A considerable effect was noticed on the 
dispersion of the minor component during melt blending. At relatively low 
speeds (150 and 240 rpm), they achieved a poor distribution of the PET 
particles into PP matrix, while with an increase of the speed to 300 rpm, an 
immiscible blend with randomly dispersed spherical and elliptical particles 
was obtained. However, with a further increase to 360 rpm, they noticed an 
agglomeration of the PET particles [30]. Such behaviours were to be expected, 
as at low screw speeds, not enough energy is applied for distributing and 
melting of the second component, while at high screw speeds, a breakup of 
the droplets and their coalescence may occur [156–158]. In some previous 
studies, enhanced mixing of polymer blends was reported due to high screw 
speeds, reduced rates of feeding and the use of multiple kneading elements 
[159,160]. 
 
2.4.3.3. Die Geometry 
 
The morphology of the blend can also be controlled by the geometry and 
dimensions of the die. Sollogoub et al. [161] have investigated the evolution 
of the polymer blend morphology through a flat die. They mentioned that in a 
flat die, the polymer melt is first exposed to a divergent flow at the entrance 
of the slit assembly, then to a convergent elongational flow at the exit through 
the die, which leads to an elongation of the dispersed component. However, 
elongation of the dispersed component may be affected by the viscosity ratio; 
therefore, both factors should be taken into account. As mentioned earlier, 
both the viscosity ratio and interfacial tensions play an important role in the 
deformation of the dispersed component. The authors could clearly observe 
the differences in elongation for two blends with low- and high-λ (Figure 
2.19). The blends with lower λ and lower interfacial tensions obtained an 
elongated and laminar structure of the dispersed component, while in the blend 






Figure 2.19. Morphology at the exit die of two systems a) low-λ, b) high-λ. Reproduced with 
permission [161]. Copyright 2009, Springer Nature. 
 
Lin et al. [154] have reported that with longer dies, there is more time for 
relaxation of the second component. Thus, the degree of the swell may be 
reduced and the phenomenon of the melt fracture eliminated. They noticed a 
smoother extrudate outcome with the use of die with a length of 20 mm and a 
diameter of 2 mm. Favis et al. [155] have stated that morphology of the 
polymer blend is more affected by the die than by phenomena happening 
before the melt enters into the die. The presence of an elongated dispersed 
component can be a result of high shear at the proximity to the die wall. 
Furthermore, Shields et al. [65] have shown that dimensions of the die have 
a significant influence on the properties, specifically on the permeability, even 
more than the drawing of the blend. They explained it by the fact that the die 
may determine the size and shape of the reinforcement rather than its 
molecular structure. It was reported that using a large die will result in 
achieving the spherical shape of the reinforcement, while with narrow dies, 
microfibres may be formed, even though these fibres are unlikely to possess 
any degree of the structural enhancement. The authors have stated that with a 
die of 2 mm aperture, the PET could shape into plates and microfibres, but 
with a die of 0.5 mm, they could process composites containing only 
microfibres. They explained that, although both composites contained 
microfibres of similar dimensions, the mechanical results showed an increase 
in tensile properties for blends processed through a larger die due to the 
presence of the thicker microfibres in this sample. The selection of the die 
aperture and screw speed should be carefully defined as the starting 
morphology of the blend is of significant importance for the further 









2.5. Effect of the Fibrillation Step 
2.5.1. Cold Draw Ratio versus Hot Stretch Ratio  
 
It is important to study the effect of the DR and fibre orientation, as these 
two parameters play a decisive role in defining the morphology of MFCs. As 
mentioned earlier, there are two types of fibrillation: cold-drawing and hot-
stretching (Figure 2.20). Under the drawing process, is considered 
transforming of the spherical particles into ellipsoids, and with its progress, 
these ellipsoids become thinner and longer, forming uniform microfibres [61]. 
 
Figure 2.20. Main differences between cold drawing and hot stretching. 
When cold drawing is used for the MFC preparation, stretching of the 
polymers happens slightly above the Tg of the reinforcement due to the 
necking phenomenon. With such a drawing, a great molecular alignment may 
be achieved within the fibres. On the other hand, fibres obtained by hot or melt 
stretching are made above the Tm of reinforcement, and they may achieve 
higher DRs than with cold drawing, but it does not mean that hot stretching is 
more efficient as the microfibres formed within the composite do not show 
high levels of molecular orientation. The reason for higher DRs lies only in a 
higher stretchability of the polymers, as they are in the melt state and can 
elongate much easier. Still, to prove the presence of the molecular orientation, 
MFCs should undergo analysis by wide-angle x-ray scattering (WAXS).   
 
2.5.2. Influence of Cold Draw Ratio 
 
Jayanarayanan et al. [32] have studied the effect of the DR during the cold 
drawing of PP/PET MFCs (Figure 2.21) and obtained the high aspect ratio 
fibres with a cold draw ratio (CDR) between 5 and 8. They obtained a rather 
large mean diameter of 8.6 µm for a CDR2, which was expected at this stage. 
At a very low CDR, the coalescence of the particles was dominant, resulting 





diameter decreased to 4.9 µm and 4.1 µm for CDR5 and CDR8, respectively. 
However, with further drawing, the average diameter of the fibres again 
increased and amounted to 6.9 µm for CDR10. It was mentioned that the 
elongated particles at high CDRs could not withstand the large extensional 
deformation; hence, they broke up into smaller entities leading to a reduction 
of the aspect ratio [102,162]. After the processing via injection moulding, the 
researchers noticed a loss in the fibre orientation when compared to samples 
after drawing. The reason for their loss is a well-known breakup behaviour 
during the relaxation of the fibres. During the processing, the microfibrillar 
blend is exposed to high shear forces; therefore, the fibres may break up, and 
the aspect ratio may reduce. MFCs obtained at a high CDR showed an increase 
in the fibre diameter, while the fibres with smaller diameters were not 
continuous due to the breakage. The mechanical results showed that the 
reinforcing effect in a composite is related to the number of fibres, their length, 
aspect ratio, orientation and number of the entanglements, as well as 
interfacial adhesion between the fibre and matrix. The tensile properties were 
increasing with a CDR until it was optimised. MFCs with DR5 and DR8 
achieved the highest values for modulus and strength. The increase was 
expected, as the high-aspect-ratio fibres showed higher reinforcing efficiency. 
Similar findings were reported on LDPE/PET MFCs cold-drawn between 6 
and 8 [109]. 
 
 
Figure 2.21. SEM images of PP/PET blends after cold-drawing with PP component 
extracted a) CDR=2; b) CDR=5; c) CDR=8; d) CDR=10. Reproduced with permission [32]. 





In a recent study of Huang et al. [163] it was mentioned that the fibre aspect 
ratio has a significant effect on the formation of a physical entanglement 
network structure. The researchers stated that a higher degree of entangled 
network structure was formed at a high-aspect ratio because the fibres in a 
solid state tend to restrict the long-range motion of the matrix chains and 
prevent them from relaxing when subjected to an external force.  
Shields and co-workers [141] have analysed the influence of the CDR on 
the permeability of the MFC films and noticed that with an increase of the 
CDR, the oxygen permeability was reduced. However, they mentioned that 
high-aspect-ratio fibres would not significantly decrease the permeability but 
would achieve significant increases in tensile modulus and strength, and make 
a good combination for the application of the final films. They reported 
improvements of up to 200 % for tensile modulus and 75 % for tensile strength 
of the MFC films.  
 
2.5.3. Influence of Hot Stretch Ratio 
 
Li et al. [44] have investigated PP/PET MFCs prepared via hot stretching 
at different hot stretch ratios (HSRs). They prepared an unstretched blend 
(HSR1) and MFCs at HSR4 and HSR16 (Figure 2.22). From the micrograph 
(a), it can be seen that the blend after extrusion at HSR1 obtained immiscible 
morphology with the PET particles dispersed into the PP matrix. At HSR4, 
already elongated PET particles could be detected (b); however, at a low HSR, 
these fibres possessed non-uniform dimensions and appeared as ellipsoids and 
rod-like particles. Their maximum diameter was found to be about 2 µm. With 
an increase of the HSR to 16, fibres were well-defined and obtained uniform 
thickness between 0.6–0.9 µm (c). 
 
 
Figure 2.22. SEM micrographs of iPP/PET blends a) HSR=1, b) HSR= 4, c) HSR=16. 
Reproduced with permission [44]. Copyright 2004, Wiley Periodicals, Inc. 
 
With further analysis of the results, they noticed that the PP crystallisation 
was strongly affected by the presence of the nucleating effect of the PET 





critical level with further stretching, they did not observe any changes in the 
nucleation of the PP. Furthermore, in all composites, either with a low- or 
high-stretch ratio, higher crystallisation and Tm were observed. As Li et al. 
explained, this means that Tm is not only affected by the lamellae thickness, 
but also by defects of the bulk which can result from the faster crystallisation. 
They mentioned that the samples with high stretch ratios crystallise faster and 
at a high-temperature range, which may lead to the formation of thick crystals 
and large defects of the lamellae. 
Chen et al. [40] and Li et al. [21] have reported a similar effect of a HSR 
on MFCs prepared from the PE and PET. They pointed out that the minimum 
fibre diameter was independent of the HSR as the values did not change with 
an increase of the HSR, thus indicating that the PET particles were too small 
to deform into fibres during the processing. Moreover, it was noticed that the 
average and maximum fibre diameters decreased; therefore, with an 
increment of the HSR, the fibre diameter distribution became more narrow. 
The aspect ratio of the fibres is the most important parameter to assess the 
elongation of the dispersed component. Still, it is often difficult to obtain the 
exact values due to complex rheological process which may affect the 
deformation of the dispersed component. However, researchers decided to  
develop a method for calculating the aspect ratio of the fibres (as shown in 
Equations 4.4 and 4.5, reported in Chapter 4) [164]. 
The aspect ratio of the PET ellipsoids increased with an increase of the 
HSR. They reported the aspect ratio of 2.38 for low HSR, while at an HSR 
of 47.6, the aspect ratio was found to be an astounding 292 [21]. Of course, 
the authors assumed that there were no changes in volume, but in reality, 
when processing an incompatible blend, deformation and breakup of the 
droplets with certainty will take place, and they will coalesce into larger ones 
under the extensional flow and hot-stretching. Hence, to get real values for 
aspect ratios of in situ fibres will be difficult. 
 
 
Figure 2.23. The influence of hot-stretching ratio on the mechanical properties of PE/PET 
MFCs; a) tensile modulus, b) tensile strength, c) elongation at break. Reproduced with 





Nevertheless, the authors noted an increase in the mechanical properties 
when increasing the HSR to 25.6, while above this value, the samples started 
to show decreasing or unchanged properties (Figure 2.23a,b). It was also 
pointed out that the elongation at break was greatly reduced with the variation 
of the HSR (Figure 2.23c), and as mentioned earlier, high aspect ratio fibres 
are not favourable for elongation at break. The samples showed a different 
brittle-ductile behaviour for various HSRs. From Figure 2.24, it can be seen 
that at a low HSR, MFCs fractured in a ductile manner. However, when 
increasing the HSR, the fracture took place after yielding during the strain-
softening, which indicated a brittle behaviour. Therefore, it may be concluded 
that excessively high HSRs will not necessarily result in much smaller fibre 
diameters, as there is a distinct possibility for them to break under the high 
shear during the post-processing, which will reduce the overall mechanical 
properties. 
 
Figure 2.24. Stress-strain curves of PE/PET MFCs with various HSRs: a) 1, b) 3.25, c) 6.35, 
d) 11.43, e) 19.17, f) 25.64, g) 47.62. Reproduced with permission [21,40]. Copyright 2012, 
Carl Hanser Verlag Munich. 
At the end, it can be concluded that fibrillation is the most sensitive 
processing step in MFC preparation, as the reinforcing efficiency depends on 
the drawing type (cold or hot). Cold drawn fibres may achieve a high level of 
molecular alignment within the fibres making these structural entities the 
reinforcements with excellent uniaxial properties, while with the hot 
stretching, reinforcements’ shapes such as cigar- or macaroni- type are poor 
reinforcements with no or minor levels of molecular orientation and, thus, 






2.6. Effect of the Different Isotropization Techniques  
2.6.1. Compression Moulding versus Injection Moulding 
 
Besides melt blending and fibrillation, an important final aspect of MFC 
processing is the isotropization step. The choice of the final processing 
technique is dependent on the composition of the blend and the final 
application of the product. The most used techniques are injection moulding 
and compression moulding (CM), even though in rare cases, extrusion is also 
used. The main difference between compression and injection moulding lies 
in the orientation of the fibres obtained during the processing. In CM, the fibre 
orientation can be easily controlled, as the fibres can be aligned in the desired 
direction. However, in injection moulding, fibres are exposed to shear forces. 
If a low shear is applied, they could relax, entwist and lose their original 
orientation, while under a high shear stress, they could be forced to elongate 
into the flow direction and break up, as the very long fibres cannot withstand 
high shear forces. Denchev et al. [120] have studied MFCs based on 
HDPE/PA6 and HDPE/PA12 and moulded via CM. They prepared cross-ply, 
random and non-oriented MFC samples via CM, stating that with this 
technique, it is possible to stay more accurately within the processing 
temperature window and produce laminates with continuous and parallel 
reinforcing fibres, which may result in better mechanical properties such as 
impact and flexural properties. Their results indicated an increase in impact 
strength for cross-ply and randomly oriented laminates, while the non-oriented 
MFCs did not show improvement in comparison to the neat matrix. 
Unfortunately, they have shown that the flexural properties were not 
dependent on the reinforcement orientation. 
In one of the studies done by Evstatiev et al. [33], differences between 
processing via injection moulding and CM of PA/PET MFCs were reported. 
They described how this mixture was difficult to process via injection 
moulding as the difference between the Tm of the PA6 and PET is too narrow. 
They noticed that some PET fibres were transformed into particles, pointing 
out the issue of the high injection temperature (240 ºC); hence, in the barrel, 
overheating of the PET component could have occurred due to the viscosity 
dissipation and high shear rate. Nevertheless, the morphology study of the 
injection-moulded samples showed the presence of a skin-core structure. 
Well-oriented fibres were dominant in the skin, while in the core, a certain 
amount of randomly oriented fibres was present with a large amount of PET 
particles. However, the compression-moulded samples achieved a fine 
fibrillar morphology since it was possible to control the processing 





properties obtained for the compression-moulded MFCs were higher than 
those found for the injection-moulded MFCs. 
Finally, Shields et al. [65] have processed PE/PET MFC films via CM and 
mentioned that crystallinity of the films could be strongly affected by the type 
of cooling. They reported that by leaving the films in a press during the 
cooling, the crystallinity of the composite may have increased, which would 
contribute to the reduced permeability of the gases. During slow cooling, high 
levels of chain packing may have occurred in the crystalline regions of the 
matrix, which would reduce the free volume available for a gas to penetrate. 
 
2.6.2. Influence of the Injection Moulding Temperature 
 
During the injection moulding step, several parameters should be taken 
into account to obtain a final, optimal morphology of the MFCs. During this 
step, the injection moulding temperature is one of the most important factors; 
however, mould temperature, pressure, shear rate and injection speed should 
not be dismissed. All these parameters depend on the polymers used for the 
MFC preparation, as there are no one-parameter-fits-all sets for polymer 
processing. Nonetheless, researchers often focus on a single parameter in their 
studies; hence, the majority of studies reported in current literature focus on 
the influence of the temperature and applied shear rate. 
Li et al. [29] have processed PE/PET MFCs at low (195 ºC) and high (280 
ºC) injection moulding temperatures, showing that PET fibres maintain their 
shape after processing at low temperature, while the fibre morphology was 
lost at high temperature. Therefore, MFCs processed at low temperature 
achieved higher mechanical properties compared to those of the high-
temperature-moulded composites. Similar findings were reported by Friedrich 
et al. in one of their studies [18]. 
Lei and co-authors [71] have investigated the effect of the injection 
moulding temperature on HDPE/PET MFCs and reported an increase of the 
mechanical properties of samples injection-moulded at 185 ºC compared to 
samples injection-moulded at 270 ºC. The impact strength increased by 81 %, 
while the tensile strength and tensile modulus were improved by 39 % and 18 
%, respectively. Besides, the increase was even detected for flexural strength 
(16 %) and modulus (24 %). 
From these studies, can be concluded that the processing temperature 
during the isotropization step is of significant importance to maintain the fibre 
shape and obtain an optimal, final MFC morphology with uniform distribution 






2.6.3. Influence of the Shear Flow during Injection Moulding 
 
The shear flow during injection moulding has been found to affect the 
matrix-fibre interface, crystallisation and spherulite formation. This has been 
observed by several researchers.  
Zhong et al. [165] have studied the crystallisation and crystal formation in 
iPP/PET MFCs prepared by conventional (CIM) and shear-controlled 
orientation injection moulding (SCORIM). The main difference in the 
processing of the polymers via CIM and SCORIM lies in the melt-flow 
pattern, specifically in the packaging stage, while the pre-plasticising and 
injection steps stay unchanged. During the applied holding pressure, two 
pistons move out of the phase, and the shear force can make the polymer melt 
move reciprocatively lengthwise direction of tensile geometry; thus, the 
polymer melt continuously undergoes shear rates until the polymer is 
solidified. The high shear rate may force the polymer melt to move to the 
interior region, increasing the thickness of the solidified layer. 
Researchers have reported that α-crystals of iPP were dominant in the 
MFC samples processed via CIM, while MFCs obtained via SCORIM 
contained β-crystals of iPP with a good lamellar orientation [165]. The reason 
for different crystalline structures of iPP crystals in the SCORIM samples lies 
in the reciprocating movement of the pistons, which brings out a 
disentanglement of the iPP chains. Those chains may orient in a flow 
direction, and not only in the skin layer but in the intermediate and core layers 
too. Consequently, the oriented iPP will form the row nuclei, and a shish-
kebab structure may grow epitaxially on the shish. Moreover, the row nuclei 
can be induced by PET fibres; hence, it was noticed that, due to the presence 
of the PET fibres, the orientation of shish-kebabs was more homogeneous in 
the thickness direction than in the neat iPP samples. 
Regarding the samples prepared via CIM, the skin layer showed almost the 
same orientation degree of the kebabs, while in the core regions, the 
orientation was found to be zero, implying that the random orientation of the 
lamellae was present in the core layers. The difference in lamellar orientation 
in the skin layers indicates that the elongational flow could heavily induce a 
shish-kebab structure along the flow direction; hence, the effect of the 
dispersed PET component is covered. In addition, due to the faster cooling, 
the relaxation of the shish near the wall can be suppressed. Upon 
discontinuation of the flow, the oriented iPP molecules begin to relax; thus, 
the ultimate degree of lamellar orientation is a balance between the flow-





mentioned that the presence of low aspect ratio microfibres may lead to an 
increased kebab distribution.  
A recent study of Mi et al. [166] confirms the importance of shear stress 
in the processing of MFCs. They have investigated the effect of multi-flow 
vibrational injection moulding (MFVIM) on PP/PET MFCs and reported an 
increase of certain mechanical properties in the samples prepared via MFVIM 
due to the formation of the PP shish-kebabs. However, they have noted that 
the ductility of the samples decreased, claiming that the reason lies in PP 
chains already oriented into shish-kebabs; hence, their stretching was very 
limited, resulting in small elongations at break.  
 
Figure 2.25. Schematic representation of the crystalline superstructure formation of GAIM 
microfibrillar blends subjected to the secondary flow. Reproduced with permission [115]. 
Copyright 2014, Elsevier. 
  
Xia et al. [114] have processed iPP/PC MFCs via gas-assisted injection 
moulding (GAIM) since they wanted to obtain large amounts of the β-
transcrystalline structure to improve the toughness and strength of the 
composites. During the GAIM process, at first, the molten polymer is partially 
injected, and then a gas is introduced into the cavity to penetrate the polymer 
melt and drive it into the mould until it is completely filled. Gas continues to 
penetrate while the polymer melt cools down and applies uniform pressure on 
the polymer melt. Once the polymer melt is cooled down, the gas is released, 
and the product may be ejected [167]. This type of processing can apply a 
strong shear field imposed on the polymer melt with a fast cooling rate of the 
polymer, which can result in highly oriented molecular chains in the skin 
region, while in the core it may provide sufficient relaxation of the oriented 
chains due to slower cooling [114,115,168]. The researchers could see a 
difference in the fibre diameters of the studied MFCs from the skin to the core. 





due to additional stretching induced by the intense shear flow. Furthermore, 
the fibre diameter increased by 0.57 µm in the sub-skin regions because the 
cooling rate was slower than in the skin region; thus, the fibres could relax. 
As they reported, the largest diameter was achieved in the core region (0.87 
µm) due to the slowest cooling rate and lower shear. Their mechanical results 
have shown that the presence of TCL strongly improves the yield strength and 
tensile modulus. In another study [115], they pointed out differences in the 
PE/PC composites prepared by the GAIM and CIM. The samples 
manufactured via GAIM possessed a typical shish-kebab structure with the 
presence of hybrid shish-kebabs and TC (Figure 2.25). They noticed that the 
TC superstructures were formed at the surface of the PC fibres, while the 
hybrid shish-kebabs were induced by ultrathin PC fibres. These phenomena 
have tremendously increased the interfacial adhesion between PE and PC, 
which resulted in excellent mechanical properties. MFCs obtained via CIM 
achieved an isotropic crystal structure in the core layer, while in the skin layer, 
a molecular orientation was detected. However, the low adhesion between the 
PC microfibres and PE matrix has led to lower-level mechanical properties.  
Micro-injection moulding (MIM) was found to be a very interesting 
technology for the study of the effect of high injection speed, much higher 
temperature gradient, extremely high shear rate and short filling time [39]. 
Zhao and co-workers [39] have published work on PP-PET MFCs made under 
intensive shear rate in the MIM machine. They have investigated the effect of 
PET microfibres on PP crystal formation under these extreme conditions in 
MIM. In the neat PP sample, the formation of a semi-cylindrical, highly 
oriented layer was detected between the skin and core which confirmed a 
presence of β-crystals, while the MFC obtained a similar structure, but the 
layer was thicker, and the β-crystals were significantly smaller. They 
mentioned that this result could be attributed to the PET microfibres and their 
nucleation capability for the PP α-phase, as well as PET possibility to preserve 
oriented molecular chains and prolong the relaxation time. 
 
2.6.4. Effect of Novel Extrusion Techniques on Fibre 
Development  
 
Besides the traditional manufacturing of MFCs, researchers have applied 
several novel methods for processing of in situ MFCs. Huang et al. [163] 
applied a novel extrusion technique for the processing of MFCs between the 
melting points of the two components (Figure 2.26a). They used a triangle-
arrayed triple-screw extruder with special mixing characteristics and high 





and it may generate a higher shear and extensional flow field during 
compounding. With such a technique, they were able to skip the second 
processing step (cold or hot drawing), but still obtained the microfibrillar 
structure (Figure 2.26b). 
 
 
Figure 2.26. a) The schematic of the experimental set up for the in situ MFC preparation. 
b) Morphology of in situ MFC PP/PA66 after extraction of the matrix. Reproduced with 
permission [163]. Copyright 2017, The Royal Society of Chemistry. 
This study indicated the importance of the processing temperature during 
extrusion, as a strong influence on the softening and particle deformation was 
reported. Besides, with the higher screw speeds, a higher aspect ratio of the 
fibres was achieved, which resulted in high tensile and impact strengths. 
Wang et al. [169] have prepared MFCs based on PE and PC via multistage 
stretching extrusion with an assembly of laminating-multiplying elements 
(LMEs) which can divide and recombine the polymer melts. They have 
pointed out that with this processing technique, a uniform morphology may 
be achieved by applying a reasonable shear field during the processing. During 
the mixing in LME, the polymer melt can be considered subject to three 
consecutive processes: dividing, stretching and multiplying. The first process 
divides melt into a left and right part into two fish-tail ducts. It was explained 
that the flowing behaviour in the fish-tail duct may be a combination of the 
extended and convergent flow, which indicates that strong shear or 
elongational forces exist in LME. With an increase in the number of LMEs, 
the laminating-multiplying process would happen repeatedly and provide 
gradually stronger biaxial-stretching forces. Therefore, this processing 
technique is called multistage stretching extrusion. Researchers have reported 
that the shear field in LME strongly affects the PC component during 
multistage stretching. The orientation degree of the PE and PC molecular 
chains, as well as the complex viscosity and yield stress of the PE/PC 
composites, increased. Moreover, they stated that with such a processing 





avoided, especially when the reinforcing element has a high Tg, as, during 
post-processing, the microfibres may relax and lose the primary-obtained 
morphology. 
Although these novel techniques have the advantage of skipping the 
fibrillation or the isotropization step, still, it should be taken into consideration 
what type of reinforcement will be achieved by using these types of 
manufacturing. Most likely the molecular orientation will be absent in such 
composites, thus macaroni-type morphology will be present in the matrix, 
meaning that the mechanical properties of such reinforcement will be the same 
as the bulk material. 
 
2.7. Effect of Additives 
2.7.1. Influence of Compatibilizers on MFCs 
 
An important factor in any fibre-reinforced composite is the interfacial 
interaction between the matrix and the fibres, as the loads applied to the 
composite are transmitted through the fibre-matrix interface [170]. As 
mentioned at the onset of this manuscript, the MFC concept relies on the 
incompatibility of the polymer constituents; however, different researchers 
have proposed the use of compatibilizers for the improvement of the matrix-
fibre interface and the final mechanical properties of the composite. 
Conventionally,  compatibilizers are typically added during the melt mixing 
to reduce the interfacial tension and prevent the coalescence of the second 
component, and to obtain small particle sizes and their uniform dispersion and 
distribution in the matrix. Friedrich et al. [18] have studied the effect of 
compatibilizer ethylene-glycidyl methacrylate (E-GMA) in PP/PET MFCs 
and reported a decrease in the tensile strength and modulus. The reduction in 
tensile properties was attributed to the shorter fibres caused by the addition of 
the compatibilizer [112]. Similar findings were reported by Pesneau et al. [70] 
for PP/PA MFCs with the addition of PP grafted maleic anhydride (PP-g-MA). 
They have reported a reduction in the mechanical properties for the 
compatibilized samples, although a slight increase in elongation at break was 
observed. 
In another study done by Fakirov and co-authors [61] it was proposed to 
add a compatibilizer after drawing, during the last processing step 
(isotropization). They postulated that the compatibilizer should facilitate the 
distribution of the fibres and improve the interfacial adhesion between the 
fibres and matrix without reducing the length of the microfibres. When the 
compatibilizer is added to the mixture during melt blending, the coalescence 





microfibres, while without the compatibilizer, the fibres may reach lengths up 
to 200 µm, as reported by Fakirov [61].  
The influence of different compatibilizers on the mechanical properties of 
MFCs based on RHDPE and rPET was studied by Lei et al. [71]. In their study, 
three compatibilizers were used: E-GMA, PE grafted maleic anhydride (PE-
g-MA) and styrene-ethylene-butylene-styrene grafted maleic anhydride 
(SEBS-g-MA). The use of the compatibilizers improved the compatibility 
between PET microfibres and HDPE in all composites. However, the best 
compatibilizing effect was detected in the MFC containing E-GMA. They 
reported a significant increase in toughness when compared with non-
compatibilized MFCs. On the one hand, when 2.5, 5 and 7.5 wt% of E-GMA 
were added, the impact strength increased by 170 %, 750 % and 960 %, 
respectively. They mentioned that the reason for such an increase in this 
sample is the very good interfacial adhesion between the PET fibres and the 
HDPE matrix, resulting in a more effective stress transfer from the fibres to 
the matrix and high-energy absorption. On the other hand, the tensile modulus, 
flexural modulus and strength decreased with the increase of the E-GMA 
concentration. Furthermore, they reported an increase in the tensile strength, 
flexural strength and flexural modulus with the addition of 2.5 wt% PE-g-MA, 
while with a further increase in this compatibilizer concentration, these 
properties started to decrease. MFCs containing SEBS-g-MA showed a linear 
decrease in tensile and flexural properties with the increase of the 
compatibilizer content. The lower moduli and strengths were caused by the 
elastomeric nature of SEBS backbones, which were not resistant to the applied 
loads. However, at the same time, the SEBS elastomeric structure caused an 
increase in strain at break by 10 %, 79 % and 147 % when 2.5, 5 and 7.5 wt% 
of SEBS was used, respectively.  
It is well established that semicrystalline polyolefin matrices may achieve 
a skin-core structure with a high orientation of the crystals during injection 
moulding under a high shear rate, and therefore, obtain high mechanical 
properties. On the other hand, the introduction of the microfibrillar network, 
additives, or compatibilizers into crystalline matrices can have a pronounced 
effect on the crystalline structure and crystallisation process [171,172]. Yi et 
al. [173] have investigated the effect of the compatibilizer iPP-g-MA on the 
skin-core structure of iPP/PET MFCs. It was reported that non-compatibilized 
MFCs achieved a lower orientation of the PP crystals in the skin due to lower 
melt flow and high viscosity, but in the core region, the local shear stress was 
high and, therefore, a higher orientation of the molecular chains was obtained. 
They explained the results by the fact that fibres represent a solid wall which 





causing a constrained flow of the PP molecules in the micro-channels formed 
by microfibres (Figure 2.27a,c). Nonetheless, the PET fibres enhanced 
nucleation under the flow and increased the crystallisation rate of the PP, 
which contributed to the retention of the oriented segments. However, authors 
have noticed a presence of β-crystals in the skin, and intermediate and core 
layers of the compatibilized MFC, stating that the compatibilizer probably 
induced the formation of the β-crystals. The compatibilizer created chemical 
bonds at the interface and reduced the melting viscosity of the microfibrillar 
blend, thus facilitating the filling of the mould, which resulted in easier 
molecular relaxation and packing of the chains (Figure 2.27b,d). 
 
Figure 2.27. Structure models of non-compatibilized (a and c) and compatibilized (b and d) 
iPP with a microfibrillar network. Molecule structure of iPP in melting during injection 
moulding (a and b) and in the final injection product (c and d). The black points represent 
the chemical bonds between PET and compatibilizer, iPP-g-GMA. Reproduced with 
permission [173]. Copyright © 2011, American Chemical Society. 
Xu et al. [73] have studied the crystalline orientation of iPP/PET MFCs 
with and without compatibilizer via 2D-WAXD. The results showed a 
presence of the β-crystal forms in both composites. However, the intensity of 
the β plane (300) achieved for the compatibilized MFC seemed to be lower 
compared to the non-compatibilized MFC. The MFC without compatibilizer 
possesses long and fine microfibres, which are better nucleators for the matrix. 
As a result, β-crystals can develop easier. On the other hand, in the 
compatibilized MFC, the shorter and non-uniform fibres may weaken the local 
shear stress, leading to a lower content of iPP β-crystals. Researchers have 








2.7.2. Influence of Nanoparticles on MFCs 
 
In general, nanoparticles present an attractive filler of great interest to 
polymers due to their documented excellent effect on mechanical properties 
[174,175]. Furthermore, it has been shown that nanoparticles can also be used 
as effective compatibilizers in blends because they can be located at the 
interface between the matrix and the reinforcement. As such, several studies 
have reported a reduction in the size of the reinforcement when nanoparticles 
were added during melt blending [176,177]. However, these studies have 
offered different explanations for the compatibilizing effect of the 
nanoparticles in the polymer blends. Some of them have reported that 
nanoparticles located at the interface would mitigate the coalescence of the 
dispersed component [178,179]. 
Similarly, other researchers have stated that the presence of nanoparticles 
would reduce interfacial tensions [180]. In general, different nano-fillers will 
behave differently in polymer blends. They will either reduce the viscosity of 
the matrix if located in the major component or prevent coalescence of the 
dispersed component when at the interface. Therefore, the addition of 
nanoparticles to fibrillar composites may significantly improve the 
reinforcement efficiency due to nanoscale dispersion and the larger surface 
area of the fibres. However, only a few studies have been done on the effect 
of nanoparticles on MFCs.  
Li et al. [181] have shown that titanium-dioxide (TiO2) nanoparticles may 
migrate from the PP matrix to the PET dispersed component, thereby 
decreasing the viscosity ratio between them and facilitated deformation of the 
PET particles during the cold drawing step. The crystallisation temperatures 
of both PP and PET components were enhanced due to the presence of TiO2. 
It seemed that TiO2 could act as a heterogeneous nucleating agent for the PET 
fibres. Furthermore, they have reported that a few defects appeared at the 
interface between PP and PET fibres due to the addition of TiO2, which led to 
poor stress transfer and a drop of the storage modulus. Moreover, they noticed 
a decrease in the impact and tensile strength of PP/PET/TiO2 MFCs when 
compared to PP/PET MFCs, stating that the reduction may come either from 
damage to the PET fibres due to the presence of TiO2 or from the defects at 
the interface. The effective energy dissipation is strongly affected by the 
interfacial adhesion between the matrix and fibres, but in this case, when the 
nanoparticles are located at the interface and in the PET fibres, they can 
debond the interface, and the crack can easily initiate and propagate through 





However, as expected, the tensile modulus did increase due to stiff PET fibres 
and their high aspect ratio.  
Dai et al. [182] have investigated PE/PET MFCs with the addition of 
carbon black (CB) and found that, due to migration of the CB particles to 
dispersed PET particles during the mixing process, the viscosity of the PET 
component increased, resulting in a much higher dispersed component/matrix 
viscosity ratio. Both factors – higher volume ratio and a larger viscosity ratio 
– had a coarsening effect on the dispersed component, and the size of the PET 
particles increased. However, some PET particles surprisingly obtained large 
and irregular shapes upon shear mixing, as obviously, CB addition heavily 
affected the final morphology.  
 
 
Figure 2.28. a) SEM micrographs of the in situ MFC PE/PET/CB with selectively located 
carbon black (CB) in the surfaces of the microfibres. The PE matrix was etched by hot xylene. 
b) Schematic illustration of the CB distribution and the electrical network in the MFC 
PE/PET/CB. Reproduced with permission [182]. Copyright 2007, Elsevier. 
They explained that the rheological behaviour was strongly influenced by 
continuous migration of CB to the PET during mixing, as the droplets could 
rise and elongate, and consequently break up. The crystallisation of both PE 
and PET was affected by this CB migration. CB particles as such can only 
reside in the amorphous region of the polymer, rejecting them from the 
crystalline regions. It is known that in this system, PET would crystallise first 
as it has a lower crystallinity than PE. Therefore, the CB particles would be 
distributed in the PET microfibres. When the PE starts crystallising, due to 
rejection of the CB from PE crystalline regions, CB would accumulate at the 
interface (Figure 2.28).  
Lee et al. [183] have reported that silica nanoparticles may increase the 
matrix viscosity and obtain excellent tensile properties along the flow 
direction. Chen et al. [184] have observed an increase in the elasticity of the 
microfibrillar silica composites which has facilitated the drawability of the 





Recently, Liu and co-workers [185] have prepared MFCs with silica 
nanoparticles via hot stretching and achieved very interesting results. The 
elasticity of the blend was enhanced by incorporating the nanoparticles during 
the melt mixing, making it easier for the PET to deform. They noticed a 
compatibilizing effect of the nanosilica because the particles were mainly 
located at the interface. Therefore, the nanoparticles functioned as a rigid layer 
around the PET particles, which interfered with the coalescence and resulted 
in a finer fibre morphology. With the increase of the nanoparticles content, the 
size of the dispersed PET decreased, leading to improved deformability of the 
PET droplets and the formation of very fine microfibres. However, with a 
nanosilica concentration of 12 %, researchers observed less defined fibres due 
to nanoparticles accumulating at the PP/PET interface and in the PP 
component. The tensile properties only increased up to a certain level of 
nanoparticles present in the composite (up to 1.6 %); with a further increase 
of the nanosilica, the properties decreased. Researchers stated that nanosilica 
have only small effect on crystallisation behaviour, but they could 
significantly improve the thermal stability and tensile strength. 
It seems that the incorporation of nanoparticles into MFCs could be of 
huge importance depending on the final application of the composite material. 
These investigations provide some good ideas for future research.  
 
2.8. Conclusion   
 
In general, the MFC concept is considered an elegant processing technique 
for the manufacture of fibre-reinforced polymer-polymer composites with 
excellent mechanical properties. In this, several key processing factors affect 
the microstructure and final properties of these composites. Therefore, this 
literature review has summarised the influence of processing parameters on 
the development of the MFC structure as well as the coupled effect on the 
properties of the final composite. It has started with the blend composition and 
then focused on the flow of the three processing steps: melt blending, drawing 
(cold or hot) and isotropization via injection (or compression) moulding.  
Initial attention was given to the composition of the polymer blend, their 
viscosity and elasticity ratio as these characteristics can strongly affect the 
development of the microfibrillar structure. It was pointed out that the 
deformation, coalescence and drawability of the reinforcement depend on the 
viscosity ratio of the polymer blend. Low viscosity ratios of a starting mixture 






Both the melt blending and physical properties of the polymer melt, as well 
as processing settings like barrel temperature, screw speed and die geometry, 
affect the size and shape of the dispersed component. During the drawing step, 
the draw ratio was highlighted as being of prime importance and not 
necessarily in the sense that higher is always better. Numerous studies have 
reported that fibres drawn at very high draw ratio tend to break up under a 
high shear rate during the post-processing, which will result in inferior 
mechanical properties. Besides the fibre aspect ratio, the orientation of the 
microfibres was indicated as an important parameter in this overview.  
Various parameters were discussed for the isotropization of MFC 
production. The effect of two main parameters – the processing temperature 
and shear rate – on the phase and crystalline morphology, was elaborated. The 
microfibres tend to relax at high temperatures; therefore, it is very important 
to retain the original microfibrillar structure at the end of the process by 
controlling the temperatures. It was pointed out that compression moulding is 
more suitable for polymers with narrow melting temperatures due to more 
controlled heating. The shear stress present during injection moulding may 
affect the orientation of the fibres as they can break up and lose their 
orientation. 
Finally, it was shown that the use of small amounts of compatibilizer in 
MFCs may significantly reduce the interfacial tension and prevent the 
coalescence of the reinforcement, resulting in small particles and their uniform 




[1] Fu SY, Lauke B, Mäder E, Yue CY, Hu X. Tensile properties of short-glass-fiber- and 
short-carbon-fiber-reinforced polypropylene composites. Compos Part A Appl Sci 
Manuf 2000;31:1117–25. https://doi.org/10.1016/S1359-835X(00)00068-3. 
[2] Jones FR. A review of interphase formation and design in fibre-reinforced composites. 
vol. 24. 2010. https://doi.org/10.1163/016942409X12579497420609. 
[3] Thomason JL. The influence of fibre length and concentration on the properties of glass 
fibre reinforced polypropylene: 5. Injection moulded long and short fibre PP. Compos 
Part A Appl Sci Manuf 2002;33:1641–52. https://doi.org/10.1016/S1359-
835X(02)00179-3. 
[4] Elanchezhian C, Ramnath BV, Hemalatha J. Mechanical Behaviour of Glass and Carbon 
Fibre Reinforced Composites at Varying Strain Rates and Temperatures. Procedia Mater 
Sci 2014;6:1405–18. https://doi.org/10.1016/j.mspro.2014.07.120. 
[5] Naqvi SR, Prabhakara HM, Bramer EA, Dierkes W, Akkerman R, Brem G. A critical 
review on recycling of end-of-life carbon fibre/glass fibre reinforced composites waste 
using pyrolysis towards a circular economy. Resour Conserv Recycl 2018;136:118–29. 
https://doi.org/10.1016/j.resconrec.2018.04.013. 
[6] Chand S. Carbon fibers for composites. J Mater Sci 2000;35:1303–13. 
https://doi.org/10.1023/A:1004780301489. 
[7] Shields RJ, Bhattacharyya D, Fakirov S. Fibrillar polymer-polymer composites: 






[8] Fakirov S. The concept of micro-or nanofibrils reinforced polymer-polymer composites. 
Munich: Carl Hanser Verlag; 2012. 
[9] Holbery J, Houston D. Natural-fiber-reinforced polymer composites in automotive 
applications. Jom 2006;58:80–6. https://doi.org/10.1007/s11837-006-0234-2. 
[10] Matabola KP, De Vries AR, Moolman FS, Luyt AS. Single polymer composites: a 
review. J Mater Sci 2009;44:6213–22. 
[11] Jayanarayanan K, Thomas S, Joseph K. In situ microfibrillar blends and composites of 
polypropylene and poly (ethylene terephthalate): Morphology and thermal properties. J 
Polym Res 2011;18:1–11. https://doi.org/10.1007/s10965-009-9384-6. 
[12] Lau K tak, Hung P yan, Zhu MH, Hui D. Properties of natural fibre composites for 
structural engineering applications. Compos Part B Eng 2018;136:222–33. 
https://doi.org/10.1016/j.compositesb.2017.10.038. 
[13] Li Y, Hu C, Yu Y. Interfacial studies of sisal fiber reinforced high density polyethylene 
(HDPE) composites. Compos Part A Appl Sci Manuf 2008;39:570–8. 
https://doi.org/10.1016/j.compositesa.2007.07.005. 
[14] Oksman K, Mathew AP, Långström R, Nyström B, Joseph K. The influence of fibre 
microstructure on fibre breakage and mechanical properties of natural fibre reinforced 
polypropylene. Compos Sci Technol 2009;69:1847–53. 
https://doi.org/10.1016/j.compscitech.2009.03.020. 
[15] Dufresne A, Dupeyre D, Vignon MR. Cellulose microfibrils from potato tuber cells: 
processing and characterization of starch–cellulose microfibril composites. J Appl 
Polym Sci 2000;76:2080–92. 
[16] Fuchs C, Bhattacharyya D, Fakirov S. Microfibril reinforced polymer-polymer 
composites: Application of Tsai-Hill equation to PP/PET composites. Compos Sci 
Technol 2006;66:3161–71. https://doi.org/10.1016/j.compscitech.2005.02.023. 
[17] Li ZM, Yang W, Xie BH, Shen KZ, Huang R, Yang MB. Morphology and tensile 
strength prediction of in situ microfibrillar poly(ethylene terephthalate)/polyethylene 
blends fabricated via slit-die extrusion-hot stretching-quenching. Macromol Mater Eng 
2004;289:349–54. https://doi.org/10.1002/mame.200300260. 
[18] Friedrich K, Evstatiev M, Fakirov S, Evstatiev O, Ishii M, Harrass M. Microfibrillar 
reinforced composites from PET/PP blends: Processing, morphology and mechanical 
properties. Compos Sci Technol 2005;65:107–16. 
https://doi.org/10.1016/j.compscitech.2004.06.008. 
[19] Dencheva N, Denchev Z, Oliveira MJ, Funari SS. Microstructure studies of in situ 
composites based on polyethylene/ polyamide 12 blends. Macromolecules 
2010;43:4715–26. https://doi.org/10.1021/ma100071e. 
[20] Li ZM, Yang MB, Feng JM, Yang W, Huang R. Morphology of in situ poly(ethylene 
terephthalate)/polyethylene microfiber reinforced composite formed via slit-die 
extrusion and hot-stretching. Mater Res Bull 2002;37:2185–97. 
https://doi.org/10.1016/S0025-5408(02)00894-2. 
[21] Li ZM, Yang MB, Xie BH, Feng JM, Huang R. In-Situ Microfiber Reinforced 
Composite Based on PET and PE via Slit Die Extrusion and Hot Stretching: Influences 
of Hot Stretching Ratio on Morphology and Tensile Properties at a Fixed Composition. 
Polym Eng Sci 2003;43:615–28. https://doi.org/10.1002/pen.10050. 
[22] Friedrich K, Ueda E, Kamo H, Evstatiev M, Krasteva B, Fakirov S. Direct electron 
microscopic observation of transcrystalline layers in microfibrillar reinforced polymer-
polymer composites. J Mater Sci 2002;37:4299–305. 
https://doi.org/10.1023/A:1020692200486. 
[23] Jayanarayanan K, Gejo G, Sabu T, Kuruvilla J. Morphology development of normal 
blends, microfibrillar blends and composites from LDPE and PET . Biannu Int J 
Multidiscip / Interdiscip Stud Res 2009;XVI:66–75. 
[24] Fakirov S, Evstatiev M, Schultz JM. Microfibrillar reinforced composite from drawn 
poly(ethylene terephthalate)/nylon-6 blend. Polymer (Guildf) 1993;34:4669–79. 
https://doi.org/10.1016/0032-3861(93)90700-K. 
[25] Krumova M, Fakirov S, Baltá Calleja FJ, Evstatiev M. Structure development in 
PET/PA6 microfibrillar-reinforced composites as revealed by microhardness. J Mater 





[26] Evstatiev M, Fakirov S. Microfibrillar reinforcement of polymer blends. Polymer 
(Guildf) 1992;33:877–80. https://doi.org/10.1016/0032-3861(92)90354-Y. 
[27] Evstatiev M, Nicolov N, Fakirov S. Morphology of microfibrillar reinforced composites 
PET/PA 6 blend. Polymer (Guildf) 1996;37:4455–63. https://doi.org/10.1016/0032-
3861(96)00137-1. 
[28] Shibata S, Bozlur RM, Fukumoto I, Kanda Y. Effects of injection temperature on 
mechanical properties of bagasse/polypropylene injection molding composites. 
BioResources 2010;5:2097–111. https://doi.org/10.15376/biores.5.4.2097-2111. 
[29] Li ZM, Yang MB, Lu A, Feng JM, Huang R. Tensile properties of poly(ethylene 
terephthalate) and polyethylene in-situ microfiber reinforced composite formed via slit 
die extrusion and hot-stretching. Mater Lett 2002;56:756–62. 
https://doi.org/10.1016/S0167-577X(02)00609-2. 
[30] Gokgoz Erkoc I, Guven T, Yildirim F, Sözer M, Güner F. Effect of screw speed, drawing 
ratio and PET concentration on the properties of PET/PP blends. Acta Phys Pol A 
2018;134:442–6. https://doi.org/10.12693/APhysPolA.134.442. 
[31] Viana JC, Alves NM, Mano JF. Morphology and mechanical properties of injection 
molded poly(ethylene terephthalate). Polym Eng Sci 2004;44:2174–84. 
https://doi.org/10.1002/pen.20245. 
[32] Jayanarayanan K, Jose T, Thomas S, Joseph K. Effect of draw ratio on the 
microstructure, thermal, tensile and dynamic rheological properties of insitu 
microfibrillar composites. Eur Polym J 2009;45:1738–47. 
https://doi.org/10.1016/j.eurpolymj.2009.02.024. 
[33] Evstatiev M, Fakirov S, Bechtold G, Friedrich K. Structure‐property relationships of 
injection‐ and compression‐molded microfibrillar‐reinforced PET/PA‐6 composites. 
Adv Polym Technol 2000;19:249–59. https://doi.org/10.1002/1098-
2329(200024)19:4<249::aid-adv2>3.3.co;2-i. 
[34] Fortelný I, Kovář J. Theory of coalescence in immiscible polymer blends. Polym 
Compos 1988;9:119–24. https://doi.org/10.1002/pc.750090204. 
[35] Zhao C, Mark LH, Alshrah M, Soltani I, Lee PC, Park CB. Challenge in manufacturing 
nanofibril composites with low matrix viscosity: Effects of matrix viscosity and fibril 
content. Eur Polym J 2019;121:109310. 
https://doi.org/10.1016/j.eurpolymj.2019.109310. 
[36] Favis BD, Chalifoux JP. Influence of composition on the morphology of 
polypropylene/polycarbonate blends. Polymer (Guildf) 1988;29:1761–7. 
https://doi.org/10.1016/0032-3861(88)90388-6. 
[37] Chen RS, Ab Ghani MH, Salleh MN, Ahmad S, Gan S. Influence of Blend Composition 
and Compatibilizer on Mechanical and Morphological Properties of Recycled 
HDPE/PET Blends. Mater Sci Appl 2014;05:943–52. 
https://doi.org/10.4236/msa.2014.513096. 
[38] Evstatiev M, Fakirov S, Friedrich K. Effect of blend composition on the morphology 
and mechanical properties of microfibrillar composites. Appl Compos Mater 1995;2:93–
106. 
[39] Zhao Z, Yang Q, Xiang Z, Kong M, Tang D, Huang Y, et al. Effect of in situ 
poly(ethylene terephthalate) (PET) microfibrils on the morphological structure and 
crystallization behavior of isotactic polypropylene (iPP) under an intensive shear rate. 
Polym Adv Technol 2015;26:1275–84. https://doi.org/10.1002/pat.3565. 
[40] Chen YH, Zhong GJ, Li ZM. Microfibril reinforced polymer-polymer composites via 
hot stretching: Preparation, structure and properties. Synth Polym Compos 2012:401–
36. 
[41] Huang WY, Shen JW, Chen XM. Effect of composition on phase morphology and 
mechanical properties of PP/PA66 in situ composites via extrusion-drawing-injection 
method. J Mater Sci 2003;38:541–7. https://doi.org/10.1023/A:1021837607104. 
[42] Fakirov S. Polymer nanocomposites: Why their mechanical performance does not justify 
the expectation and a possible solution to the problem? Express Polym Lett 
2020;14:436–66. 
[43] Fakirov S. Fundamentals of polymer science for engineers. Wiley Online Library; 2017. 
[44] Li ZM, Li L Bin, Shen KZ, Yang MBO, Huang R. In-situ microfibrillar PET/iPP blend 





morphology, crystallization, and crystal structure of iPP at a fixed PET concentration. J 
Polym Sci Part B Polym Phys 2004;42:4095–106. https://doi.org/10.1002/polb.20262. 
[45] Zhong G-J, Li L, Mendes E, Byelov D, Fu Q, Li Z-M. Suppression of skin− core 
structure in injection-molded polymer parts by in situ incorporation of a microfibrillar 
network. Macromolecules 2006;39:6771–5. 
[46] Perilla JE, Jana SC. A time-scale approach for analysis of coalescence in processing 
flows. Polym Eng Sci 2004;44:2254–65. https://doi.org/10.1002/pen.20253. 
[47] Sundararaj U, Dori Y, Macosko CW. Sheet formation in immiscible polymer blends: 
model experiments on initial blend morphology. Polymer (Guildf) 1995;36:1957–68. 
[48] Scott CE, Macosko CW. Morphology development during the initial stages of polymer-
polymer blending. Polymer (Guildf) 1995;36:461–70. 
[49] Jana SC, Sau M. Effects of viscosity ratio and composition on development of 
morphology in chaotic mixing of polymers. Polymer (Guildf) 2004;45:1665–78. 
[50] Fortelný I, Jůza J. Description of the droplet size evolution in flowing immiscible 
polymer blends. Polymers (Basel) 2019;11:1–31. 
https://doi.org/10.3390/polym11050761. 
[51] Taylor GI. The Formation of Emulsions in Definable Fields of Flow. Proc R Soc A Math 
Phys Eng Sci 1934;146:501–23. https://doi.org/10.1098/rspa.1934.0169. 
[52] Taylor GI. The viscosity of a fluid containing small drops of another fluid. Proc R Soc 
London Ser A, Contain Pap a Math Phys Character 1932;138:41–8. 
[53] Gonzalez‐Nunez R, Favis BD, Carreau PJ, Lavallée C. Factors influencing the formation 
of elongated morphologies in immiscible polymer blends during melt processing. Polym 
Eng Sci 1993;33:851–9. https://doi.org/10.1002/pen.760331310. 
[54] Utracki LA, Shi ZH. Development of polymer blend morphology during compounding 
in a twin‐screw extruder. Part I: Droplet dispersion and coalescence—a review. Polym 
Eng Sci 1992;32:1824–33. https://doi.org/10.1002/pen.760322405. 
[55] Rizvi A, Park CB. Dispersed polypropylene fibrils improve the foaming ability of a 
polyethylene matrix. Polymer (Guildf) 2014;55:4199–205. 
https://doi.org/10.1016/j.polymer.2014.06.014. 
[56] Yokohara T, Nobukawa S, Yamaguchi M. Rheological properties of polymer 
composites with flexible fine fibers. J Rheol (N Y N Y) 2011;55:1205–18. 
https://doi.org/10.1122/1.3626414. 
[57] González-Nuez R, Arellano M, Moscoso FJ, González-Romero VM, Favis BD. 
Determination of a limiting dispersed phase concentration for coalescence in 
PA6/HDPE blends under extensional flow. Polymer (Guildf) 2001;42:5485–9. 
https://doi.org/10.1016/S0032-3861(00)00918-6. 
[58] Chapleau N, Favis BD. Droplet/fibre transitions in immiscible polymer blends generated 
during melt processing. J Mater Sci 1995;30:142–50. 
https://doi.org/10.1007/BF00352143. 
[59] Utracki LA, Shi H. During Compounding in a Twin-Screw Extruder . Part I : Droplet 
Dispersion and Coalescence-A Review. Polym Eng Sci 1992;32:1824–33. 
[60] Grace HP. Dispersion phenomena in high viscosity immiscible fluid systems and 
application of static mixers as dispersion devices in such systems. Chem Eng Commun 
1982;14:225–77. 
[61] Fakirov S, Bhattacharyya D, Lin RJT, Fuchs C, Friedrich K. Contribution of coalescence 
to microfibril formation in polymer blends during cold drawing. J Macromol Sci Part B 
Phys 2007;46 B:183–94. https://doi.org/10.1080/00222340601044375. 
[62] Migler KB. String formation in sheared polymer blends: coalescence, breakup, and finite 
size effects. Phys Rev Lett 2001;86:1023–6. 
https://doi.org/10.1103/PhysRevLett.86.1023. 
[63] Rodriguez-Gonzalez FJ, Virgilio N, Ramsay BA, Favis BD. Influence of Melt Drawing 
on the Morphology of One-and Two-Step Processed LDPE/Thermoplastic Starch 
Blends. Adv Polym Technol 2003;22:297–305. https://doi.org/10.1002/adv.10057. 
[64] Padilla-Lopez H, Vázquez MO, González-Núñez R, Rodrigue D. Influence of Post-
Extrusion Parameters on the Final Morphology of Polystyrene/High Density 
Polyethylene Blends. Polym Eng Sci 2003;43:1646–56. 
https://doi.org/10.1002/pen.10138. 





reinforced composites from PE/PET blends. Compos Part A Appl Sci Manuf 
2008;39:940–9. https://doi.org/10.1016/j.compositesa.2008.03.008. 
[66] Evstatiev M, Fakirov S, Friedrich K. Microfibrillar reinforced composites-another 
approach to polymer blends processing. NATO ASI Ser E Appl Sci 2000;370:311–26. 
[67] Fakirov S, Evstatiev M, Friedrich K. Nanostructured Polymer Composites from Polymer 
Blends: Morphology and Mechanical Properties: Sections 6–7. Handb Thermoplast 
Polyesters Homopolymers, Copolym Blends, Compos 2002:1122–32. 
[68] Evstatiev M, Fakirov S, Krasteva B, Friedrich K, Covas JA, Cunha AM. Recycling of 
poly(ethylene terephthalate) as polymer-polymer composites. Polym Eng Sci 
2002;42:826–35. https://doi.org/10.1002/pen.10994. 
[69] Higgins JS, Lipson JEG, White RP. A simple approach to polymer mixture miscibility. 
Philos Trans R Soc A Math Phys Eng Sci 2010;368:1009–25. 
https://doi.org/10.1098/rsta.2009.0215. 
[70] Pesneau I, At Kadi A, Bousmina M, Cassagnau P, Michel A. From polymer blends to in 
situ polymer/polymer composites: Morphology control and mechanical properties. 
Polym Eng Sci 2002;42:1990–2004. https://doi.org/10.1002/pen.11091. 
[71] Lei Y, Wu Q, Zhang Q. Morphology and properties of microfibrillar composites based 
on recycled poly (ethylene terephthalate) and high density polyethylene. Compos Part 
A Appl Sci Manuf 2009;40:904–12. https://doi.org/10.1016/j.compositesa.2009.04.017. 
[72] Friedrich K, Evstatiev M, Fakirov S, Evstatiev O, Ishii M, Harrass M. Microfibrillar 
reinforced composites from PET/PP blends: processing, morphology and mechanical 
properties. Compos Sci Technol 2005;65:107–16. 
[73] Xu L, Zhong GJ, Ji X, Li ZM. Crystallization behavior and morphology of one-step 
reaction compatibilized microfibrillar reinforced isotactic polypropylene/poly(ethylene 
terephthalate) (iPP/PET) blends. Chinese J Polym Sci (English Ed 2011;29:540–51. 
https://doi.org/10.1007/s10118-011-1066-2. 
[74] Ujhelyiová A, Bolhová E, Marcinčin A, Tiňo R. Blended polypropylene/polyethylene 
terephthalate fibres: Crystallisation behaviour of polypropylene and mechanical 
properties. Fibres Text East Eur 2007;15:26–9. 
[75] Evstatiev M, Apostolov AA, Denchev Z, Fakirov S, Friedrich K. Transcrystallization 
with reorientation of polyethylene in a drawn PET/PE blend as revealed by waxs of 
synchrotron radiation. Int J Polym Mater Polym Biomater 2004;53:847–57. 
https://doi.org/10.1080/00914030490502373. 
[76] Apostolov AA, Samokovliyski O, Fakirov S, Stribeck N, Denchev Z, Evstatiev M, et al. 
Transcrystallisation with reorientation of polypropylene in drawn PET/PP and PA66/PP 
blends. Part 1. Study with WAXS of synchrotron radiation. Prog Colloid Polym Sci 
2005;130:159–66. https://doi.org/10.1007/b107332. 
[77] Krumova M, Michler GH, Evstatiev M, Friedrich K, Stribeck N, Fakirov S. 
Transcrystallisation with reorientation of polypropylene in drawn PET/PP and PA66/PP 
blends. Part 2. Electron microscopic observations on the PET/PP blend. Prog Colloid 
Polym Sci 2005;130:167–73. https://doi.org/10.1007/b107339. 
[78] Li ZM, Li L Bin, Shen KZ, Yang W, Huang R, Yang MB. Transcrystalline morphology 
of an in situ microfibrillar poly(ethylene terephthalate)/poly(propylene) blend fabricated 
through a slit extrusion hot stretching-quenching process. Macromol Rapid Commun 
2004;25:553–8. https://doi.org/10.1002/marc.200300086. 
[79] Fakirov S. Transreactions in condensation polymers. John Wiley & Sons; 2008. 
[80] Schultz JM, Fakirov S. Solid State Behavior of Linear Polyesters and Polymides. 
Prentice Hall; 1990. 
[81] Harel H, Marom G. On crystalline interfaces in composite materials. Acta Polym 
1998;49:583–7. https://doi.org/10.1002/(sici)1521-4044(199810)49:10/11<583::aid-
apol583>3.3.co;2-s. 
[82] Quan H, Li ZM, Yang MB, Huang R. On transcrystallinity in semi-crystalline polymer 
composites. Compos Sci Technol 2005;65:999–1021. 
https://doi.org/10.1016/j.compscitech.2004.11.015. 
[83] Varga J, Karger-Kocsis J. The difference between transcrystallization and shear-induced 
cylindritic crystallization in fibre-reinforced polypropylene composites. J Mater Sci Lett 
1994;13:1069–71. https://doi.org/10.1007/BF00277042. 





Fiber Reinforced Polyethylene Composites. Macromolecules 1991;24:3569–77. 
https://doi.org/10.1021/ma00012a017. 
[85] Loos J, Schimanski T, Hofman J, Peijs T, Lemstra PJ. Morphological investigations of 
polypropylene single-fibre reinforced polypropylene model composites. Polymer 
(Guildf) 2001;42:3827–34. https://doi.org/10.1016/S0032-3861(00)00660-1. 
[86] Huson MG, McGill WJ. Transcrystallinity in Polypropylene. J Polym Sci A1 
1984;22:3571–80. https://doi.org/10.1002/pol.1984.170221168. 
[87] Teishev A, Marom G. The effect of transcrystallinity on the transverse mechanical 
properties of single‐polymer polyethylene composites. J Appl Polym Sci 1995;56:959–
66. https://doi.org/10.1002/app.1995.070560809. 
[88] Li ZM, Yang W, Li L Bin, Xie BH, Huang R, Yang MB. Morphology and 
Nonisothermal Crystallization of in situ Microfibrillar Poly(ethylene 
terephthalate)/Polypropylene Blend Fabricated through Slit-Extrusion, Hot-Stretch 
Quenching. J Polym Sci Part B Polym Phys 2004;42:374–85. 
https://doi.org/10.1002/polb.10660. 
[89] Wang C, Liu C-R. Transcrystallization of polypropylene composites: nucleating ability 
of fibres. Polymer (Guildf) 1999;40:289–98. 
[90] Thomason JL, Van Rooyen AA. Transcrystallized interphase in thermoplastic 
composites. I: Influence of fibre type and crystallization temperature. J Mater Sci 
1992;27:889–96. 
[91] Gray DG, Guillet JE. Open tubular columns for studies on polymer stationary phases by 
gas chromatography. J Polym Sci Polym Lett Ed 1974;12:231–5. 
[92] Lin CW, Lai YC, Liu SS. Effect of the surface roughness of sulfuric acid-anodized 
aluminum mold on the interfacial crystallization behavior of isotactic polypropylene. J 
Adhes Sci Technol 2001;15:929–44. 
[93] Schonhorn H, Ryan FW. Effect of morphology in the surface region of polymers on 
adhesion and adhesive joint strength. J Polym Sci Part A‐2 Polym Phys 1968;6:231–40. 
[94] Mukhopadhyay S, Deopura BL, Alagiruswamy R. Interface behavior in polypropylene 
composites. J Thermoplast Compos Mater 2003;16:479–95. 
[95] Sukhanova TE, Lednický F, Urban J, Baklagina YG, Mikhailov GM, Kudryavtsev V V. 
Morphology of melt crystallized polypropylene in the presence of polyimide fibres. J 
Mater Sci 1995;30:2201–14. 
[96] Cai Y, Petermann J, Wittich H. Transcrystallization in fiber‐reinforced isotactic 
polypropylene composites in a temperature gradient. J Appl Polym Sci 1997;65:67–75. 
[97] Chen EJH, Hsiao BS. The effects of transcrystalline interphase in advanced polymer 
composites. Polym Eng Sci 1992;32:280–6. 
[98] Cho K, Kim D, Yoon S. Effect of substrate surface energy on transcrystalline growth 
and its effect on interfacial adhesion of semicrystalline polymers. Macromolecules 
2003;36:7652–60. 
[99] Lagasse RR, Maxwell B. An experimental study of the kinetics of polymer 
crystallization during shear flow. Polym Eng Sci 1976;16:189–99. 
[100] Hobbs SY. Nature. Phys Sci Ed 1971;12:234. 
[101] Levitus D, Kenig S, Kazanci M, Harel H, Marom G. The effect of transcrystalline 
interface on the mechanical properties of polyethylene / polyethylene composites. Adv 
Compos Lett 2001;10:61–5. https://doi.org/10.1177/096369350101000202. 
[102] Li ZM, Li L, Shen KZ, Yang MB, Huang R. In situ poly(ethylene terephthalate) 
microfibers- and shear-induced non-isothermal crystallization of isotactic polypropylene 
by on-line small angle X-ray scattering. Polymer (Guildf) 2005;46:5358–67. 
https://doi.org/10.1016/j.polymer.2005.04.016. 
[103] Lopez-Manchado MA, Arroyo M. Crystallization kinetics of polypropylene: Part 4: 
Effect of unmodified and azide-modified PET and PA short fibres. Polymer (Guildf) 
1999;40:487–95. https://doi.org/10.1016/S0032-3861(98)00198-0. 
[104] Jayanarayanan K, Bhagawan SS, Thomas S, Joseph K. Morphology development and 
non isothermal crystallization behaviour of drawn blends and microfibrillar composites 
from PP and PET. Polym Bull 2008;60:525–32. https://doi.org/10.1007/s00289-007-
0883-5. 
[105] Wan HQ, Ji X. Morphology and non-isothermal crystallization of in-situ microfibrillar 





stretch. J Mater Sci 2004;39:6839–42. 
https://doi.org/10.1023/B:JMSC.0000045615.17681.a6. 
[106] Tao Y, Pan Y, Zhang Z, Mai K. Non-isothermal crystallization, melting behavior and 
polymorphism of polypropylene in β-nucleated polypropylene/recycled poly(ethylene 
terephthalate) blends. Eur Polym J 2008;44:1165–74. 
https://doi.org/10.1016/j.eurpolymj.2008.01.023. 
[107] Zhu Y, Liang C, Bo Y, Xu S. Non-isothermal crystallization behavior of compatibilized 
polypropylene/recycled polyethylene terephthalate blends. J Therm Anal Calorim 
2015;119:2005–13. https://doi.org/10.1007/s10973-014-4349-3. 
[108] Li ZM, Lu A, Lu ZY, Shen KZ, Li LB, Yang MB. In-situ microfibrillar PET/iPP blend 
via a slit die extrusion, hot stretching and quenching process: Influences of PET 
concentration on morphology and crystallization of iPP at a fixed hot stretching ratio. J 
Macromol Sci - Phys 2005;44 B:203–16. https://doi.org/10.1081/MB-200049793. 
[109] Jayanarayanan K, Ravichandran A, Rajendran D, Sivathanupillai M, Venkatesan A, 
Thomas S, et al. Morphology and Mechanical Properties of Normal Blends and In-Situ 
Microfibrillar Composites from Low-Density Polyethylene and Poly(ethylene 
terephthalate). Polym - Plast Technol Eng 2010;49:442–8. 
https://doi.org/10.1080/03602550903414043. 
[110] Tsai SW. Strength theories of filamentary structure. Fundam Asp Fiber Reinf Plast 
Compos 1968. 
[111] Yang G. Experimental investigation of strength criteria for S-glass, E-glass and graphite 
fiber composite plate. Theor Appl Fract Mech 1994;20:59–66. 
[112] Fuchs C, Bhattacharyya D, Friedrich K, Fakirov S. Application of Halpin-Tsai equation 
to microfibril reinforced polypropylene/poly(ethylene terephthalate) composites. 
Compos Interfaces 2006;13:331–44. https://doi.org/10.1163/156855406777408485. 
[113] Jayanarayanan K, Joseph K, Thomas S. Microfibrils Reinforced composites based on 
PP and PET: Effect of draw ratio on morphology, static and dynamic mechanical 
properties, crystallization and rheology. Synth. Polym. Compos., Elsevier; 2012, p. 525–
62. 
[114] Xia XC, Yang W, He S, Xie DD, Zhang RY, Tian F, et al. Formation of various 
crystalline structures in a polypropylene/polycarbonate: In situ microfibrillar blend 
during the melt second flow. Phys Chem Chem Phys 2016;18:14030–9. 
https://doi.org/10.1039/c6cp01426g. 
[115] Xia XC, Yang W, Zhang QP, Wang L, He S, Yang MB. Large scale formation of various 
highly oriented structures in polyethylene/polycarbonate microfibril blends subjected to 
secondary melt flow. Polymer (Guildf) 2014;55:6399–408. 
https://doi.org/10.1016/j.polymer.2014.10.013. 
[116] Kelnar I, Kaprálková L, Kratochvíl J, Kotek J, Kobera L, Rotrekl J, et al. Effect of 
nanofiller on the behavior of a melt-drawn HDPE/PA6 microfibrillar composite. J Appl 
Polym Sci 2015;132:1–9. https://doi.org/10.1002/app.41868. 
[117] Evstatiev M, Fakirov S, Schultz JM, Friedrich K. In situ fibrillar reinforced PET/PA‐
6/PA‐66 blend. Polym Eng Sci 2001;41:192–204. 
[118] Krumova M, Flores A, Baltá Calleja FJ, Fakirov S. Elastic properties of oriented 
polymers, blends and reinforced composites using the microindentation technique. 
Colloid Polym Sci 2002;280:591–8. https://doi.org/10.1007/s00396-001-0646-z. 
[119] Feng J, Zhang RY, Wu JJ, Yang W, Yang MB, Feng JM. Largely enhanced molecular 
orientation and mechanical property of injection-molded high-density polyethylene 
parts via the synergistic effect of polyamide 6 in situ microfibrillar and intense shear 
flow. Colloid Polym Sci 2014;292:3033–44. https://doi.org/10.1007/s00396-014-3341-
6. 
[120] Denchev Z, Dencheva N. Preparation, mechanical properties and structural 
characterization of microfibrillar composites based on polyethylene/polyamide blends. 
Synth Polym Compos Hanser Munich, Ger 2012:465–524. 
[121] Fakirov S, Kamo H, Evstatiev M, Friedrich K. Microfibrillar reinforced composites from 
PET/LDPE blends: morphology and mechanical properties. J Macromol Sci Part B 
2004;43:775–89. 
[122] Bao SP, Liang GD, Tjong SC. Fracture Behavior of Short Carbon Fiber Reinforced 





[123] G’Sell C, Bai SL, Hiver JM. Polypropylene/polyamide 6/polyethylene-octene elastomer 
blends. Part 2: Volume dilatation during plastic deformation under uniaxial tension. 
Polymer (Guildf) 2004;45:5785–92. https://doi.org/10.1016/j.polymer.2004.06.020. 
[124] Fu S-Y, Mai Y-W, Lauke B, Yue C-Y. Synergistic effect on the fracture toughness of 
hybrid short glass fiber and short carbon fiber reinforced polypropylene composites. 
Mater Sci Eng A 2002;323:326–35. 
[125] Mccardle R, Bhattacharyya D, Fakirov S. Effect of Reinforcement Orientation on the 
Mechanical Properties of Microfibrillar PP / PET and PET Single-Polymer Composites 
2012:711–23. https://doi.org/10.1002/mame.201100220. 
[126] McCardle R, Fakirov S, Bhattacharyya D. Nanofibrillar polymer-polymer composites: 
Effect of reinforcement orientation on the mechanical properties. Macromol Symp 
2013;327:64–71. https://doi.org/10.1002/masy.201350507. 
[127] Xu HS, Li ZM, Wang SJ, Yang MBO. Rheological behavior of PET/HDPE in situ 
microfibrillar blends: Influence of microfibrils’ flexibility. J Polym Sci Part B Polym 
Phys 2007;45:1205–16. https://doi.org/10.1002/polb.21113. 
[128] Kamal MR, Mutel AT. The prediction of flow and orientation behavior of short fiber 
reinforced melts in simple flow systems. Polym Compos 1989;10:337–43. 
[129] Lozano K, Yang S, Zeng Q. Rheological analysis of vapor‐grown carbon nanofiber‐
reinforced polyethylene composites. J Appl Polym Sci 2004;93:155–62. 
[130] Zheng X, Zhang J, He J. Mutual influence of the morphology and capillary rheological 
properties in nylon/glass‐fiber/liquid‐crystalline‐polymer blends. J Polym Sci Part B 
Polym Phys 2004;42:1619–27. 
[131] Murata T, Takimoto J-I, Koyama K. Melt property and extrusion foaming processability 
of polypropylene blended with polytetrafluoroethylene. Zairyo 1996;45:1300–5. 
[132] Kurose T, Takahashi T, Koyama K. Uniaxial Elongational Viscosity of FEP/ a Small 
Amount of PTFE Blends. Nihon Reoroji Gakkaishi 2003;31:195–200. 
https://doi.org/10.1678/rheology.31.195. 
[133] Kurose T, Takahashi T, Sugimoto M, Taniguchi T, Koyama K. Uniaxial elongational 
viscosity of PC/A small amount of PTFE blend. Nihon Reoroji Gakkaishi 2005;33:173–
82. https://doi.org/10.1678/rheology.33.173. 
[134] Yamaguchi M. Effect of Molecular Structure in Branched Polyethylene on Adhesion 
Properties with Polypropylene 1998:457–63. 
[135] Helfand E, Tagami Y. Theory of the interface between immiscible polymers. II. J Chem 
Phys 1972;56:3592–601. 
[136] Xu HS, Li ZM, Yang SY, Pan JL, Yang W, Yang MB. Rheological behavior comparison 
between PET/HDPE and PC/HDPE microfibrillar blends. Polym Eng Sci 
2005;45:1231–8. https://doi.org/10.1002/pen.20381. 
[137] Xu HS, Li ZM, Pan JL, Yang MB, Huang R. Morphology and rheological behaviors of 
polycarbonate/high density polyethylene in situ microfibrillar blends. Macromol Mater 
Eng 2004;289:1087–95. https://doi.org/10.1002/mame.200400197. 
[138] Goto S, Nagazono H, Kato H. Polymer solutions. 1: Mechanical properties. Rheol Acta 
1986;25:119–29. 
[139] Joung CG, Phan-Thien N, Fan XJ. Direct simulation of flexible fibers. J Nonnewton 
Fluid Mech 2001;99:1–36. 
[140] Rajabian M, Dubois C, Grmela M. Suspensions of semiflexible fibers in polymeric 
fluids: rheology and thermodynamics. Rheol Acta 2005;44:521–35. 
[141] Shields RJ, Bhattacharyya D, Fakirov S. Microfibril-Reinforced Composites from PE / 
PET Blends : Effect of Reinforcement Size on Oxygen Permeability 2007;335:249–52. 
https://doi.org/10.4028/www.scientific.net/KEM.334-335.249. 
[142] Shields RJ, Bhattacharyya D, Fakirov S. Application opportunities of the microfibril 
reinforced composite concept. Synth. Polym. Compos., Elsevier; 2012, p. 589–626. 
[143] Dhoot SN, Freeman BD, Stewart ME. Barrier polymers. Encycl Polym Sci Technol 
2002. 
[144] Pino M, Duckett RA, Ward IM. Single and mixed gas diffusion through polyethylene 
films. Polymer (Guildf) 2005;46:4882–90. 
https://doi.org/10.1016/j.polymer.2005.02.118. 
[145] Gajdoš J, Galić K, Kurtanjek Ž, Ciković N. Gas permeability and DSC characteristics 






[146] Liu RYF, Hu YS, Schiraldi DA, Hiltner A, Baer E. Crystallinity and oxygen transport 
properties of PET bottle walls. J Appl Polym Sci 2004;94:671–7. 
https://doi.org/10.1002/app.20905. 
[147] Cinelli P, Schmid M, Bugnicourt E, Coltelli MB, Lazzeri A. Recyclability of 
PET/WPI/PE multilayer films by removal of whey protein isolate-based coatings with 
enzymatic detergents. Materials (Basel) 2016;9. https://doi.org/10.3390/ma9060473. 
[148] Xie L, Xu H, Chen J-B, Zhang Z-J, Hsiao BS, Zhong G-J, et al. From nanofibrillar to 
nanolaminar poly (butylene succinate): paving the way to robust barrier and mechanical 
properties for full-biodegradable poly (lactic acid) films. ACS Appl Mater Interfaces 
2015;7:8023–32. 
[149] Quan H, Zhong GJ, Li ZM, Yang MB, Xie BH, Yang SY. Morphology and mechanical 
properties of poly (phenylene sulfide)/isotactic polypropylene in situ microfibrillar 
blends. Polym Eng Sci 2005;45:1303–11. https://doi.org/10.1002/pen.20406. 
[150] Favis BD. The effect of processing parameters on the morphology of an immiscible 
binary blend. J Appl Polym Sci 1990;39:285–300. 
https://doi.org/10.1002/app.1990.070390207. 
[151] Min K, White JL, Fellers JF. Development of phase morphology in incompatible 
polymer blends during mixing and its variation in extrusion. Polym Eng Sci 
1984;24:1327–36. https://doi.org/10.1002/pen.760241710. 
[152] Wu S. Formation of dispersed phase in incompatible polymer blends: Interfacial and 
rheological effects. Polym Eng Sci 1987;27:335–43. 
https://doi.org/10.1002/pen.760270506. 
[153] Yi X, Xu L, Wang YL, Zhong GJ, Ji X, Li ZM. Morphology and properties of isotactic 
polypropylene/poly(ethylene terephthalate) in situ microfibrillar reinforced blends: 
Influence of viscosity ratio. Eur Polym J 2010;46:719–30. 
https://doi.org/10.1016/j.eurpolymj.2009.12.027. 
[154] Lin XD, Cheung WL. Study of poly(ethylene terephthalate)/polypropylene 
microfibrillar composites. I. Morphological development in melt extrusion. J Appl 
Polym Sci 2003;89:1743–52. https://doi.org/10.1002/app.12190. 
[155] Favis BD, Therrien D. Factors influencing structure formation and phase size in an 
immiscible polymer blend of polycarbonate and polypropylene prepared by twin-screw 
extrusion. Polymer (Guildf) 1991;32:1474–81. 
[156] Cassagnau P, Nietsch T, Bert M, Michel A. Reactive blending by in situ polymerization 
of the dispersed phase. Polymer (Guildf) 1999;40:131–8. 
https://doi.org/10.1016/S0032-3861(98)00210-9. 
[157] Lee JK, Han CD. Evolution of polymer blend morphology during compounding in an 
internal mixer. Polymer (Guildf) 1999;40:6277–96. https://doi.org/10.1016/S0032-
3861(99)00022-1. 
[158] Cho YG, Kamal MR. Effect of the dispersed phase fraction on particle size in blends 
with high viscosity ratio. Polym Eng Sci 2002;42:2005–15. 
https://doi.org/10.1002/pen.11092. 
[159] Bartilla T, Kirch D, Nordmeier J, Proemper E, Strauch T. Physical and chemical changes 
during the extrusion process. Adv Polym Technol J Polym Process Inst 1986;6:339–87. 
[160] Eise K, Curry J, Nangeroni JF, Bartilla T, Kirch D, Nordmeier J, et al. Compounding 
extruders for improved polyblends. Adv Polym Technol J Polym Process Inst 
1986;23:339–87. 
[161] Sollogoub C, Guinault A. Evolution of polymer blend morphologies during extrusion in 
a flat die. Int J Mater Form 2009;2:705–8. https://doi.org/10.1007/s12289-009-0532-7. 
[162] Lin Q, Jho J, Yee AF. Effect of drawing on structure and properties of a liquid crystalline 
polymer and polycarbonate in‐situ composite. Polym Eng Sci 1993;33:789–98. 
https://doi.org/10.1002/pen.760331303. 
[163] Huang Y, He Y, Ding W, Yang K, Yu D, Xin C. Improved viscoelastic, thermal, and 
mechanical properties of: In situ microfibrillar polypropylene/polyamide 6,6 composites 
via direct extrusion using a triple-screw extruder. RSC Adv 2017;7:5030–8. 
https://doi.org/10.1039/c6ra26734c. 
[164] Li Z, Narh KA. Experimental determination and numerical prediction of mechanical 






[165] Zhong GJ, Li ZM, Li L Bin, Mendes E. Crystalline morphology of isotactic 
polypropylene (iPP) in injection molded poly(ethylene terephthalate) (PET)/iPP 
microfibrillar blends. Polymer (Guildf) 2007;48:1729–40. 
https://doi.org/10.1016/j.polymer.2007.01.056. 
[166] Mi D, Wang Y, Kuzmanovic M, Delva L, Jiang Y, Cardon L, et al. Effects of phase 
morphology on mechanical properties: Oriented/unoriented PP crystal combination with 
spherical/microfibrillar PET phase. Polymers (Basel) 2019;11. 
https://doi.org/10.3390/polym11020248. 
[167] Chen SC, Chien RD, Chen YC, Teng MY. Study of mouldability in gas-assisted 
injection moulded fibre-reinforced Nylon parts. Plast Rubber Compos 2004;33:113–9. 
https://doi.org/10.1179/146580104225020875. 
[168] Wang L, Yang W, He S, Xia X, Yang M. Tailoring crystalline structures and mechanical 
properties of injection-molded polyethylene by tuning the relaxation time of molecular 
chains. Mater Today Commun 2015;4:22–34. 
https://doi.org/10.1016/j.mtcomm.2015.03.001. 
[169] Wang J, Zhang X, Zhao T, Shen L, Wu H, Guo S. Morphologies and properties of 
polycarbonate/polyethylene in situ microfibrillar composites prepared through 
multistage stretching extrusion. J Appl Polym Sci 2014;131:1–8. 
https://doi.org/10.1002/app.40108. 
[170] Miwa M, Takeno A, Yamaguchi K, Watanabe A. Relation between shear strength at the 
fibre-matrix interphase and shear properties of resin matrix. J Mater Sci 1995;30:2097–
100. https://doi.org/10.1007/BF00353040. 
[171] Clark RL, Craven MD, Kander RG. Nylon 66/poly(vinyl pyrrolidone) reinforced 
composites: 2 Bulk mechanical properties and moisture effects. Compos Part A Appl 
Sci Manuf 1999;30:37–48. https://doi.org/10.1016/S1359-835X(98)00083-9. 
[172] Son SJ, Lee YM, Im SS. Transcrystalline morphology and mechanical properties in 
polypropylene composites containing cellulose treated with sodium hydroxide and 
cellulase. J Mater Sci 2000;35:5767–78. https://doi.org/10.1023/A:1004827128747. 
[173] Yi X, Chen C, Zhong GJ, Xu L, Tang JH, Ji X, et al. Suppressing the skin-core structure 
of injection-molded isotactic polypropylene via combination of an in situ microfibrillar 
network and an interfacial compatibilizer. J Phys Chem B 2011;115:7497–504. 
https://doi.org/10.1021/jp1118162. 
[174] Sinha Ray S, Okamoto M. Polymer/layered silicate nanocomposites: A review from 
preparation to processing. Prog Polym Sci 2003;28:1539–641. 
https://doi.org/10.1016/j.progpolymsci.2003.08.002. 
[175] Ashenai Ghasemi F, Daneshpayeh S, Ghasemi I, Ayaz M. An investigation on the 
Young’s modulus and impact strength of nanocomposites based on polypropylene/linear 
low-density polyethylene/titan dioxide (PP/LLDPE/TiO2) using response surface 
methodology. Polym Bull 2016;73:1741–60. https://doi.org/10.1007/s00289-015-1574-
2. 
[176] Liu Y, Kontopoulou M. The structure and physical properties of polypropylene and 
thermoplastic olefin nanocomposites containing nanosilica. Polymer (Guildf) 
2006;47:7731–9. 
[177] Zhang Q, Yang H, Fu Q. Kinetics-controlled compatibilization of immiscible 
polypropylene/polystyrene blends using nano-SiO2 particles. Polymer (Guildf) 
2004;45:1913–22. 
[178] Wang K, Wang C, Li J, Su J, Zhang Q, Du R, et al. Effects of clay on phase morphology 
and mechanical properties in polyamide 6/EPDM-g-MA/organoclay ternary 
nanocomposites. Polymer (Guildf) 2007;48:2144–54. 
[179] Khatua BB, Lee DJ, Kim HY, Kim JK. Effect of organoclay platelets on morphology of 
nylon-6 and poly (ethylene-r an-propylene) rubber blends. Macromolecules 
2004;37:2454–9. 
[180] Hong JS, Kim YK, Ahn KH, Lee SJ, Kim C. Interfacial tension reduction in 
PBT/PE/clay nanocomposite. Rheol Acta 2007;46:469–78. 
[181] Li W, Schlarb AK, Evstatiev M. Study of PET/PP/TiO2 microfibrillar‐structured 
composites, part 1: Preparation, morphology, and dynamic mechanical analysis of 





[182] Dai K, Xu X Bin, Li ZM. Electrically conductive carbon black (CB) filled in situ 
microfibrillar poly(ethylene terephthalate) (PET)/polyethylene (PE) composite with a 
selective CB distribution. Polymer (Guildf) 2007;48:849–59. 
https://doi.org/10.1016/j.polymer.2006.12.026. 
[183] Lee MW, Hu X, Yue CY, Li L, Tam KC. Effect of fillers on the structure and mechanical 
properties of LCP/PP/SiO2 in-situ hybrid nanocomposites. Compos Sci Technol 
2003;63:339–46. https://doi.org/10.1016/S0266-3538(02)00222-1. 
[184] Chen J, Chen P, Wu L, Zhang J, He J. Fibrillation of liquid crystalline polymer in 
polysulfone promoted by increased system elasticity via adding nano-silica. Polymer 
(Guildf) 2007;48:4242–51. https://doi.org/10.1016/j.polymer.2007.05.004. 
[185] Liu Y, Zhao Z, Tang D, Kong M, Yang Q, Huang Y, et al. Effect of nanoparticles on the 
morphology and properties of PET/PP in situ microfibrillar reinforced composites. 











Materials and Methods 
This chapter encompasses the processing of the microfibrillar 
composites and the materials used in this research study. The way of 
processing and characterization of blends and composites is explained 
in detail.  
 
3.1. Materials Selection 
 
Materials used in this PhD research were limited to polypropylene (PP) and 
poly (ethylene terephthalate) (PET) due to their wide use in packaging 
applications. For example, PP/PET combinations are suitable for thermoform 
applications due to their good heat resistance and barrier properties (Chapter 
2, Section 2.3.3). In addition, the motivation to study these two polymers 
comes from a large amount of plastic waste which is generated from these 
products. Studying the relevant structure-property relationships in virgin 
MFCs made from PP and PET was the main focus of this research (Chapters 
4-7). Besides these virgin polymers, different recycled materials were tested 
and explained in more details in Chapter 8. Three different recycled inputs 




Figure 3.1. Chemical structures of polymers: a) PP, b) PET. 
 
3.1.1. Virgin Materials 
 
PP was used as the matrix, while PET as the reinforcing component. Their 
chemical structures are represented in Figure 3.1. PP was purchased from 
Sabic (Sabic 575P) presenting an MFR of 11 g/10min (2.16 kg, 230°C), and 





material with an intrinsic viscosity of 0.80 ± 0.02 dL/g. Before processing, PET 
was dried in a vacuum oven for 15 hrs at 80 °C, and 2hrs at 120 °C, while PP 




As additives, an elastomer and a compatibilizer were selected for this research. 
A random distributed propylene-ethylene elastomer POE (Vistamaxx 
TM6102)  with an MFR of 3 g/10 min (2.16 kg, 230 ºC), was kindly provided 
by ExxonMobil. POE-g-MA used in this study was Acti-Tech 16MA13, which 
is a Vistamaxx-based compatibilizer, kindly donated by Nordic Grafting 
Company (NGC). Chemical structures of both additives are shown in Figure 
3.2. The grafting percentage of the MA group onto the backbone of the 
compatibilizer was 1.3 wt%, according to the datasheet. Both elastomer and 
compatibilizer were dried at 60 ºC for 15 hrs before processing. Datasheets are 
provided in Appendix B. 
 
Figure 3.2. Chemical structures of additives: a) POE, b) POE-g-MA. 
 
3.2. Sample Preparation 
3.2.1. Preparation of Injection Moulding Blends (IMBs) and 
Microfibrillar Composites (MFCs) 
 
Composites were prepared in different weight ratios (50/50, 64/40, 70/30, 
80/20 and 85/15) throughout the experimental works; however, the results 
presented in this book will be on samples made in weight ratios of 80/20 
(Chapters 4, 6 and 7) and 70/30 PP/PET (Chapter 5). The preparation of the 
samples consisted of the preparation of injection moulding blend (IMB) and 
microfibrillar composites (MFCs) with different draw ratios. 
IMBs were prepared with a two-step processing (extrusion and injection 
moulding) (Figure 3.3, processing route 1). The PP and dried PET pellets 
were properly dry-mixed in a fixed weight ratio before being added to the 
hopper. During the first step, melt blending of two polymers was done at the 





screw extruder (Coperion ZSK18), with two co-rotating screws with diameter 
of 18 mm, L/D = 40 and opening die of 19 x 2 mm. Screw consists of ten 
different zones. Screw consists of ten different zones. The first three zones 
induce the melting of the polymer mixture and its conveying feed. The fourth 
zone consists of right handed conveying elements because of the position of 
the second side feeder. Further on, the fifth zone is made of three wide 
kneading blocks, with a staggering angle of 45°. The main objective of these 
elements is to break up the agglomerates fed. Zones six and seven  represent 
a repetition of the previous two zones. Zones eight and nine consist of small 
kneading blocks which mainly contribute to the distribution of the second 
component in the matrix and the melt homogeneity [1]. 
The rotation screw speed was set at 120 rpm for all samples. The used 
temperature profile was set: 205 - 245 - 250 - 250 - 255 - 255 - 260 - 260 - 260 
°C. The received extrudate was put through cast rolls which are cooled with 
water of ~15 ºC and was obtained in the form of sheet with dimensions 25 x 1 
mm.  
 
Figure 3.3. Processing scheme of: (1) IMBs and (2) MFCs. 
 
Further on, the sheets were shredded and injection moulded at 180 - 190 - 200 
- 210 °C in a standard mould with a temperature of 30 °C. The samples 
represented in Chapters 4 and 5 were processed with an injection moulding 
machine BOY 22S, while the samples discussed in the Chapters 6 and 7 were 
produced with an Engel 80T. The type of injection moulding machine has been 
changed for Engel 80T because BOY 22S was not available in the lab anymore. 
The manufacturing of MFCs consists of three steps (Figure 3.3, processing 





via twin-screw extruder. After extrusion, the received cooled extrudate was 
entered directly into a hot oven (200 ºC, 55.5 cm × 60 cm) and drawn slightly 
above the glass transition temperature of PET at a measured surface 
temperature of 95 ºC by a pair of rolls (infrared image of sheet available in 
Appendix B, Figure B1). The speed of the rolls was adjusted to obtain different 
draw ratios. This step is called fibrillation. The samples were obtained at 
different draw ratios. The draw ratio was determined by measuring the cross-
sectional area before and after stretching (Eq. 3.1). The average areas and draw 
ratios are listed in Table 3.1. 
 




𝑊𝑖𝑑𝑡ℎ0   𝑥 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠0
𝑊𝑖𝑑𝑡ℎ1  𝑥 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠1
         (3.1) 
 
Table 3.1. Draw ratio of the samples. 
Sample Area before drawing 
[mm2] 
Area after drawing 
[mm2] 
Draw ratio 
DR4 20.5 5.1 4.02 
DR8 27.3 3.4 8.03 
DR12 43.5 5.5 11.45 
 
Before the final isotropization step, the drawn blends were granulated 
using a shredder (Piovan RSP15/30), and processed by injection moulding at 
the same temperatures as the IMB samples (180 -190 - 200 – 210 ºC). 
• In order to study the influence of the draw ratio the 80/20 PP/PET 
MFCs were obtained at draw ratios: DR4, DR8 and DR12. Results 
were discussed in Chapter 4. 
• For the study of the effect of injection moulding temperature, samples 
were prepared in w/w 70/30 PP/PET, drawn at DR4 and injection 
moulded at three different temperatures: 210, 230, and 280 ºC and 
represented in Chapter 5. 
• In Chapter 6 and 7, MFC samples were prepared in a w/w 80/20 and 
drawn at DR8. 
 
3.1.3. Preparation of MFCs with Additives 
 
The samples were prepared in a weight ratio of 80/20 PP/PET and POE or 
POE-g-MA were added in 6 wt%, while the same PP/PET ratio was 
maintained. The weight ratio of compatibilizer was determined based on 
previous proprietary research [2]. Five different samples were prepared: non-





step (MFCPOEext and MFCPOEgMAext), and MFCs with POE and POE-g-MA 
added in the injection moulding step (MFCPOEim and MFCPOEgMAim), (Table 
3.2). 
 









*EXT- additive added during extrusion step; IM- additive added during injection moulding 
 
3.3. Characterisation Methods 
3.3.1. Structural Characterisation 
 
To study the phase and crystalline morphology of IMBs and MFCs, scanning 
electron microscopy (SEM) FEG SEM JEOL JSM-7600F 202 was used. The 
samples were immersed in liquid nitrogen and subsequently fractured. Sample 
fractures are presented in Appendix B, Figure B2. For the observation of the 
phase morphology, the PP matrix together with POE was selectively dissolved 
in hot xylene for 1-3 hours. For the crystalline morphology observation of the 
composites, the amorphous phase of PP and PET was chemically etched in a 
solution H2SO4 - H3PO4 - KMnO4 at 70 ºC for 5-6 hours. Furthermore, the 
sample surfaces were sputtered with gold by a Bal-Tec SCD005 sputter coater. 
Micrographs were obtained with an accelerating voltage of 20 kV. The average 
diameter of the particles or fibres was calculated with Image J software. For 
the calculation, at least 50 measurements were used. 
Polarised optical microscopy (POM, Leica DM 2500 P) was used to study 
the morphology of the specimens. Thin slices of 15 µm were cut from the 
injection moulded samples with a microtome Leica RM2245 in the direction 
parallel to the injection flow. They were subsequently inserted between two 
microscope cover glasses and glued with Canadian balm. Samples were 





MFC 80/20 0 
MFCext 75.2/18.8 6 EXT 
MFCPOEgMAext 75.2/18.8 6 EXT 
MFCPOEim 75.2/18.8 6 IM 






Figure 3.1. Sample sectioning procedure for SALS: A-cut – perpendicular to flow direction 
on the TD-ND plane, B-cut – parallel to flow direction on the FD-TD plane [3]. 
 
To determine the spherulites size, small-angle light scattering (SALS) 
experiments were performed. For this, injection moulded samples were 
microtomed into 15 µm thick layers parallel to the flow direction on the FD-
TD plane (Figure 3.4) [3]. 
To suppress surface scattering, the samples were immersed in Canada balm 
between two microscopic slides. Next, to obtain the SALS patterns, a 632.8 
nm He-Ne laser with beam size of 1 mm was used as the source of polarized 
monochromatic light. SALS Hv patterns were captured using a Hamamatsu 
digital camera and analysed with Hipic 6.3.0 software. The equivalent radius 
(R0) of the spherulites was estimated with the following Equation (3.2)[4]: 
 





                 (3.2)  
 
λw is the wavelength of light in the medium. The distance from the centre of 
the Hv pattern (Figure 3.5) to the intensity maximum in one lobe, in 
conjugation with the known sample-to-film distance, is a measure of the polar 






Figure 3.2. Contour diagram for HV scattering for two-dimensional banded spherulites 
showing the variation in scattered intensity [5]. 
 
X-ray diffraction (XRD) measurements were carried out to confirm the 
crystal modification of PP. Tests were performed on a Bruker D8 Discover 
XRD system equipped with a Cu X-ray source (λw = 1.5406 Å) and a linear X-
ray detector. The samples were put on a Si sample cup on the sample heating 
stage. θ−2θ measurements were carried out in air at atmospheric pressure at a 
temperature of 24°C. 
 
3.3.2. Thermal and Dynamic Mechanical Characterisation 
 
Thermogravimetric analysis (TGA) of the virgin polymers and composites 
was performed on a STA449 Netzsch device in the temperature interval from 
30 - 600 °C, with a heating rate of 10 °C/min, and 20 mL/min of nitrogen gas 
flow. The onset degradation temperature was calculated at 5 % of mass loss 
for all samples. 
Differential scanning calorimetry (DSC) was employed to investigate the 
crystallisation and melting behaviour. Measurements were performed in two 
cycles of heating-cooling under nitrogen atmosphere in the temperature range 
between 30 - 300 °C by a Netzsch DSC 204F1 for samples discussed in 
Chapters 4 and 5, and between 30 - 200 °C by Netzsch DSC 214 Polyma device 
for samples discussed in Chapters 6 and 7.  The heating/cooling rate was 10 





PP component based on the theoretical enthalpy for 100% crystalline polymer 
and taking the mass percentage into account (Eq. 3.3) [6]. 
 
                    𝜒𝑐 =
∆𝐻𝑒𝑥𝑝
∆𝐻𝑜𝑤𝑓
 ∙ 100%                 (3.3) 
 
where for ΔHo for PP is 207 J/g [6], and wf is the weight fraction of the relevant 
polymer in the PP/PET composition. The mean thermal properties were 
averaged from three measurements and the differences were calculated by 
comparing population means by t-independent test via the software 
package SPSS Statistics 24. 
Dynamic mechanical analysis (DMA) Netzsch DMA 242E was used to 
study the viscoelastic properties of the samples. Measurements were done in 
cantilever mode under a frequency of 0.1 rad/s in the temperature range from 
10 - 120 °C with a heating rate of 5 °C/min. Specimens dimensions were 60 x 
10 x 4 mm3.  
 
3.3.3. Mechanical Characterisation 
 
Mechanical characterisation was conducted under controlled conditions 
(23 ºC and 50% relative humidity), after the samples had been conditioned for 
a minimum of 48 hours within this controlled environment. The standard 
tensile bars were tested with an Instron 5565 tensile device according to 
standard ISO 527. During the tests, different test speeds were used before and 
after the Instron dynamic extensometer was removed (type catalogue 2620-
603 with a gauge length of 12.5 mm), 1 mm/min and 5 mm/min, respectively. 
Analysis was performed with Bluehill software. Dimensions of tensile bars are 
listed in Table 3.3. 
 
Table 3.3. Dimensions of tensile bars obtained by BOY 22S and Engel 80T. 
 
The three-point bending (flexural) characterisation was done with an 
Instron 3601 testing machine with a load cell applied of 2 kN according to the 
standard ISO 178. The specimen was placed on two supporting spans with a 
[mm]  BOY 22S  Engel 80T 
Length (L) 148 114 
Gauge length (L0) 60 33 
Width at narrow portion (W0) 20 19 
Width at ends (W) 10 6.45 





set distance of 64 mm apart, and from above, a third loading roll was lowered 
at a constant rate (5 mm/min) until sample failure. Dimensions of the 
flexural/impact bars are listed in Table 3.4. 
 






The notched Charpy impact test was used to evaluate the toughness of the 
samples by using a Tinius Olsen IT 503 Pendulum Impact Tester according to 
ISO 179. The specimens were notched in the middle of the sample with a depth 
of 2 mm, placed horizontally with the notch oriented away from the pendulum 
and broken by a hammer with an energy of 2 J. At least five specimens were 
tested for both tensile and impact tests. The differences between the samples 
are calculated by t-independent test preceded by a Levene’s test for equality of 
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[mm]  BOY 22S  Engel 80T 
Length (L) 100 126 
Width (W) 10 13 
Thickness (T) 4 3 






The Influence of Draw Ratio on Morphology 
Development and Thermo-Mechanical 
Properties of MFCs based on PP and PET 
This chapter is devoted to the development of microfibrillar 
morphology during the fibrillation step. Deformation and breakup of 
the dispersed component are described. The influence of different draw 




The first steps into understanding the term ‘drawing of polymers’ were 
taken by Clark and Scott [1]. They have done experiments on the drawing 
process of semicrystalline polymers and distinguished two different drawing 
stages during the fibrillation process: natural drawing and super drawing. 
Under natural drawing is considered drawing at high speeds, with the 
formation of a neck which will consequently terminate by a fracture. They 
reported the natural drawing stage to be that under which the crystalline 
lamellae break up into smaller chain blocks and consequently aggregate into 
microfibres [2]. These fibres consist of alternating crystalline blocks and 
amorphous layers connected by tie molecules (Figure 4.1a).  
 
Figure 4.1. Proposed morphology of a) natural drawn filament, b) super drawn filament 





It was pointed out that those tie molecules may contribute majorly to the 
modulus and strength of the composite, therefore they did not propose 
complete unfolding of the chains, except to the extent that the segregation of 
amorphous regions at the surface of lamellae exists. Thus, the stress can be 
transferred along the filament by covalent bonds with the amorphous regions 
acting as soft defects in the fibre. In general, the natural draw ratio is used to 
give an indication of the polymer drawability at the room temperature; 
therefore, the term natural drawing can be identified with cold drawing 
during a tensile test at room temperature, which is in fact responsible for the 
yield phenomenon connected to the appearance of necking. By definition, the 
cold drawing is considered a plastic deformation of those materials at the 
temperatures where the reorientation of the chains does not take place [3]. This 
is defined for amorphous polymers drawn between the brittle point and Tg, 
where actually no molecular mobility can occur [4]. For semicrystalline 
polymers, necking may appear at high strain rates and in temperatures much 
higher than their Tg resulting in plastic deformation and some amount of elastic 
deformation [5]. The temperature range of cold drawing is defined by the 
temperature of brittleness and the temperature of the supramolecular mobility 
(Th) [5,6]. Th values are approximately equal to 0.8 - 0.9 of the melting point 
of a polymer on the Kelvin scale. Ginzburg et al. [5,6] explained that above Th, 
but below Tm of a polymer, the crystals may individually shear off one another 
instead of breaking into smaller blocks.  
Super drawing is considered to be drawing beyond the limit which is 
normally marked by neck formation. It is proposed to happen at slower draw 
rates than natural drawing and at a controlled temperature, below the melting 
temperatures of the components [2]. In this case, high draw ratios can be 
achieved; however, the improvements in mechanical properties are limited to 
lower draw ratios. Unlike the naturally drawn, in the super drawn fibre, the 
lack of lateral scattering indicates that discontinuities between neighbouring 
microfibres have been minimised. Most likely, the coalescence of microfibres 
is the dominating process which might lead to an increased crystallinity, while 
the amorphous layers in this step are transformed into amorphous regions 
(Figure 4.1b). Authors [1,2] explained that during the super drawing the 
chains can be totally extended, and still possess the ability to transmit the stress 
to the interior of the microfibre, which might be a function of the molecular 
weight or the inherent slipperiness of the microfibres themselves [2].  
In Chapter 2, it was highlighted that the fibrillation during manufacturing 
the MFC was found as a crucial step for formation of the fibrillary state of the 
reinforcement, and the draw ratio plays an important role in defining the fibre 





Cold drawing applied during the fibrillation step theoretically may be 
identified as super drawing. The extruded blend must be first solidified and 
then drawn at a temperature slightly above the Tg of the reinforcing component 
and below the Tm of the matrix. The reinforcing component will relax above 
its Tg and its amorphous regions will be able to stretch easily, thus a good 
molecular orientation of the chains may be achieved. At low DRs, the spherical 
particles take the shape of ellipsoids, while with an increase of drawing they 
become longer and thinner, taking the shape of microfibres (Figure 4.2) [7].  
 
Figure 4.2. Schematic representation of the microfibre formation mechanism in polymer 
blends during cold drawing (transformation of the spherical particles into microfibres via 
coalescence under transverse contraction). Adapted from the reference [7]. 
 
It was pointed out in Chapter 2 (Section 2.5) that cold drawn fibres may 
achieve a high level of molecular alignment within the fibres, making these 
structural entities the reinforcements, showing excellent uniaxial properties.  
Often the DR can be defined as a ratio of the areas before (A0) and after 
drawing (A1) [10,21] (Eq. 4.1), but also it may be calculated as the ratio of the 
velocity of the rollers (Eq. 4.2):  
 
                             𝐷𝑅 =
𝐴𝑜
𝐴1
                                (4.1)    
 
                             𝐷𝑅 =  
𝑉2
𝑉1






where V1 and V2 are the velocity of the first set of rolls and the second set of 
rolls in the drawing process, respectively. The velocities can be calculated 
using the diameter and the rotational speed of the rolls. Beside the DR, the 
aspect ratio of the fibres is another parameter used for characterisation of the 
fibre-reinforced composites. It is defined as the relationship between the length 
of the fibres (L) and the diameter of the fibres (D) (Eq. 4.3): 
 
                              𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝐿
𝐷
                      (4.3)            
 
However, due to the fact that the microfibres in MFC are surrounded by the 
matrix, it is often difficult to determine their aspect ratio. Even after dissolution 
of the matrix, the length of the fibres is almost impossible to measure as in 
most cases the dissolution leads the fibres to entwist.  
To overcome these difficulties which appear during measurements, Li and 
Narh [22] developed an alternative method to calculate the aspect ratio of the 
fibres. In their analysis, it was assumed that the particles will potentially form 
fibres under the elongational flow, where the particles will possess a spherical 
shape before deformation. Furthermore, they have assumed that the elongation 
and contraction of the dispersed component maintain the uniform deformation, 
concluding that there is no change in volume before and after deformation [22]. 
By this assumption authors [22] could equate the volume of a sphere to that of 
a cylinder, and obtain the relationships (4.4) and (4.5):  
 







                           ( 4.4)     
 











                         (4.5) 
 
where D0 and D are the diameters of the dispersed component before and after 
deformation, respectively; L is the length of the fibre. 
When there is no drawing applied it is considered that there is no deformation. 
However, it was mentioned earlier that the deformation of the dispersed 
component will be dependent on several factors such as the viscosity ratio of 
the blend, as well as shear and elongational flow (See Chapter 2, Section 2.2.1). 
Therefore, by looking into the real blending and fibrillation process 
phenomenon, where the breakup and coalescence effects occur, it was found 
difficult to predict real values for the aspect ratios of the microfibres. 
This chapter will focus on finding the optimal cold draw ratio in MFCs for 





weight ratio 80/20 will be prepared. The development of the microfibres will 
be carefully evaluated during their processing and the influence of three 
selected DRs on the aspect ratio of the microfibres will be analysed using SEM. 
As the dispersion and distribution of the fibres play a very important role in 
defining the final MFCs’ properties, particular attention will be given on the 
morphology development of the MFCs. Furthermore, thermal and dynamic 
mechanical properties will be analysed and the main differences between neat 
matrix, blend and MFCs will be pointed out. 
Several studies have indicated the importance of DR on the morphology 
[18,19,23–25] and mechanical properties [8,18,20,26,27]. However, there is a 
limited number of studies [8,25,27] about its influence on the thermal and 
dynamic mechanical properties of MFCs. In order to understand the 
relationships between structure and properties during the development of 
MFCs, the use of thermal analysis for an accurate characterisation would be 
essential. In general, by using thermal analysis, different parameters such as 
the melting and crystallisation behaviour, Tg and degradation can be 
determined, as well as possible interactions between components in the 
composite. Besides the DSC and TGA, which can give insights into the 
melting, crystallisation, and decomposition behaviours of the polymeric 
materials, the DMA is considered as a very important complimentary thermal 
analysis technique. The advantage of this technique lies in the possibility to 
separate the elastic and viscous response of the materials during the 
determination of the properties [28,29]. 
 
4.2. Morphology Development of MFCs 
4.2.1. Morphology After Extrusion 
 
The morphology development is of huge importance for the study of the 
influence of the DR on the MFC properties [7,21,30–33]. Figure 4.3 and 
Figure 4.4 represent the development of the fibrillar structure from the blend 
for different DR obtained after extrusion (prior to injection moulding). 
As can be seen from the micrograph 4.3a, the undrawn (DR=1) blend 
shows a typical incompatible morphology with a limited adhesion between the 
polymer blend constituents. The PET spherical particles are uniformly 







Figure 4.3. SEM micrographs of freeze-fracture surfaces under liquid nitrogen of blends 
80PP/20PET after extrusion and cold drawing a) DR=1, b) DR=1.5, c) DR=2, d) DR=5.5. 
 
 
Figure 4.4. SEM micrographs of freeze-fracture surfaces under liquid nitrogen of blends 
80PP/20PET after extrusion and cold drawing a) DR=7, b) DR=10, c) DR=11. 
 
When a low DR of 1.5 was applied, the coalescence of the particles 
predominated; therefore, at this stage, the particles elongate and take a shape 
of ellipsoids (micrograph 4.3b), while at DR2 the ellipsoids obtain a rod-like 





into fibres. At this DR the diameter of the fibres was 0.9 µm. With a further 
increment of DR to 7, 10, and 11, it can be noticed that both PP and PET 
achieve a highly oriented state (Figure 4.4). However, the average diameter of 
PET fibres was difficult to determine as the different components cannot be 
easily distinguished.   
 
4.2.2. Morphology After Injection Moulding 
 
For the preparation of the MFCs via injection moulding, three different 
DRs were selected: DR4, DR8, and DR12. In Table 4.1 are listed the average, 
as well as minimum and maximum measured fibre diameters. The average 
diameter of the fibres in samples DR4 and DR8 is found to be 0.92 and 0.76 
μm, respectively, and it is assumed that they are long, even if the exact length 
is unknown as they are surrounded by the matrix. 
 
Table 4.1. Minimum, maximum and average diameters of PET fibres in the MFCs DR4, 
DR8 and DR12. 
 
From the SEM images (Figure 4.5), it can be seen that the MFCs 
maintained the microfibrillar morphology achieved during the cold drawing 
and that the PET fibres were present in all samples. However, along the surface 
of the sample DR4, fibre bundles were detected (see Figure 4.5a’) which could 
be a consequence of their coalescence during the injection moulding step, 
while in DR8 a better fibre distribution was noticed (Figure 4.5b’). In addition, 
the minimum and maximum fibre diameters in both DR4 and DR8 are not 
significantly different, which means that in both MFC samples, the distribution 
of fibre diameters was quite broad. Furthermore, from the micrograph 4.5c’ it 
is obvious that microfibres in DR12 are very thin and long, and the average 
measured diameter was 0.46 μm. When compared to the other two MFCs, the 
minimum and maximum diameters significantly decreased. The minimum 
value obtained for the fibre diameter of 0.15 μm may give an indication that 
this DR was already very high and with a further increment of DR probably 
the thinnest fibres would break up. Still, it is not excluded that breaking up of 
fibres takes place in this sample. 









DR4 0.47 1.77 0.92 ± 0.05 
DR8 0.43 1.63 0.77 ± 0.04 






Figure 4.5. SEM micrographs of cryogenic freeze-fracture surface under liquid nitrogen of 
MFCs with a),a’) DR4, b),b’) DR8, c), c’) DR12 at lower and higher magnifications. 
 
Similar to the other two MFCs, in the sample DR12, microfibres stacked 
together along the analysed specimen surface were found. The reason for this 
appearance in all MFCs could be a possible coalescence of very thin PET fibres 
during the injection moulding [7,25,34–37]. 
The phenomenon ‘solid coalescence’ during the post-processing step of the 
MFCs could be explained by the fact that the Tg of the used PET is around 80 
ºC. Hence, the fibres will be in a relaxed state at the processing temperature 
(210 ºC). Under shear stress, they may deform, break up and coalesce, forming 





4.3. Crystallisation Behaviour of MFCs 
 
The crystallisation behaviour of the IMB and MFCs were studied by DSC. 
It is widely known that, under the term crystallisation, are implied two different 
processes: nucleus formation and crystal growth [33]. Several researchers have 
reported the importance of morphology control, the fibre diameter, and aspect 
ratio of the fibres on the crystallisation of semicrystalline polymer matrices 
[33,34,38]. 
 
Table 4.2. Thermal properties of PP, IMB and MFCs after the first heating (single 






Table 4.2 presents the thermal properties for the matrix (PP) component of 
all samples: enthalpy of fusion ΔHmPP, crystallisation temperature (TcPP) and 
percentage of crystallinity (χc), which was calculated based on the theoretical 
enthalpy for 100 % crystalline PP and taking into account the mass percentage 
of the respective crystalline phase (see Chapter 3: Materials and Methods). 
Comparing the χc of the PP component in neat PP and IMB reported in 
Table 4.2, it was noticed that the χc for the IMB sample was significantly lower 
than for neat PP. On the one hand, the reason might be a low adhesion between 
PP and PET components, as the blend is completely immiscible. On the other 
hand, the surface area of the PET particles is small and the amount of 
interactions between the polymer blend constituents is very limited. In the case 
of the MFCs, an increase in the crystallinity with increasing the DR can be 
seen as the surface area significantly increased, resulting in better interfacial 
interactions between PP and PET. However, there are no significant 
differences between the χc of DR4 and DR8. The reason could lie in the 
morphologies obtained for these two samples as the distribution of the fibre 
diameters was similar. Therefore, microfibres had a comparable nucleation 
effect on the matrix. Furthermore, χc in DR12 increased up to 33.3 %. 
According to the literature [18,23,30,34,39–43], very long and thin PET fibres 
are excellent nucleating sites for the matrix; hence, the crystals formed in this 
sample are expected to be smaller and more imperfect in comparison to those 
in DR4 and DR8. Thus, the increase in crystallinity is obvious. Moreover, it 
Sample ΔHmPP χcPP TcPP 
 [J/g] [%] [ºC] 
PP 73.7 35.6 114.0 
IMB 37.8 22.8 119.0 
DR4 49.8 30.1 118.4 
DR8 50.4 30.4 118.7 





can be noticed that the Tc of the PP component in the IMB and MFCs was 
shifted to higher levels ~119 °C, meaning that the PET component acted as 
heterogeneous nucleants in all composites and enhanced the crystallisation 
[25,44]. 
 
4.4. Thermal Decomposition of MFCs 
 
To study degradation of the samples, TGA was used. The focus was on 
decomposition of the MFCs with different DRs and effect of the PET 
component. The tests were done in the temperature range 30 – 600 °C and 
corresponding TGA and dTGA profiles are given in Figure 4.6 All samples 
have shown one step of degradation. However, it is known, that PP has lower 




Figure 4.6. Thermal stability behaviour a) TGA b) dTGA curves of injection moulding PP, 
PET, IMBs and MFCs at DR4, DR8 and DR12. 
 
The molecular structure of PP consists of a carbon backbone with methyl 
groups attached to it and, due to the tertiary carbons, it is more susceptible for 
degradation because hydrogen abstractions may occur more easily, thus the 
radical can be stabilised better at that location [45]. 
Therefore, the scission of PP chains will be relatively easier in comparison to 
the scission of the PET ester chain which contains a stiff backbone, as the 
migration of smaller degradation products, propagating its further 
decomposition in the polymer, is more difficult. The thermal degradation of 
PET is initiated by chain scission of the ester-linkage, then followed by 
yielding carboxyl and vinyl ester groups [46,47]. 
In Table 4.3 the onset and endset temperatures of decomposition (Tonset, 
Tendset, respectively) and char yield at 550 ºC of all samples are listed. A delay 





observed, while the decomposition of DR4 started a bit earlier, but it lasts 
longer. 
 











From Figure 4.6a it can be seen that PP degradation has finished as the 
earliest (435.9 ºC) and almost without any char yield (0.1 %), while PET has 
left the highest amount of residue, 14.5 % [47]. PET decomposition happens 
through a series of reactions where parts of the PET structure are eliminated, 
such as ethylene, followed by decarboxylation of relevant units. Furthermore, 
with an increase in the temperature, the carbonisation of PET arises. The main 
products of the carbonaceous residue are aromatic compounds such as benzoic 
acid, terephthalic acid, acetaldehyde, and carbon oxides [48]. Thus, the 
residual char could gradually decompose at high temperatures (T > 600 ºC) 
[46]. Al-Mulla et al. [46] reported a decomposition of 15 % of the char residue 
between 461 - 625 ºC. However, aluminium crucibles were used for the 
measurement, thus the analysis was only run until 600 ºC and the complete 
decomposition of the PET chain could not be detected.  
Comparing the dTGA curves (Figure 4.6b) of the MFCs with the IMB, a 
shift of the degradation peaks to 440 ºC, 430 ºC, and 430 ºC for DR4, DR8, 
and DR12, respectively can be noticed. DR4 showed an additional shoulder 
peak at about 365 ºC which could mean the beginning of PP degradation, and 
the main peak at 440 ºC corresponding to the PET component. Regardless of 
its early onset, it has finished its decomposition at 478.8 ºC with the longest 
degradation time (~19 min). The reason for such a long decomposition time 
might be a bad distribution of the PET fibres, as across the sample surface, 
some places without microfibres were detected. Therefore, the matrix could 
start its decomposition undisturbed, while in the end, the presence of the fibre 
bundles prolonged the decomposition time of the composite. 
It is obvious that the presence of PET component in PP affected the 
degradation of all composites, as a certain percentage of the char residue was 
noticed. However, when compared to the neat PET, the carbonaceous residue 
Sample Tonset Tendset Char yield at 550  ºC 
 [ºC] [ºC] [%] 
PP 320.7 435.9 0.1 
PET 396.5 490.8 14.5 
IMB 330.5 461.8 2.8 
DR4 318.1 478.8 3.3 
DR8 356.4 466.6 3.1 





in IMB and MFCs is significantly reduced. It might be assumed that the 
presence of the major PP component could affect and enhance the scission of 
the PET chain. As the PP chain will decompose earlier, the radicals could 
recombine and locate at the PET chains, breaking many chemical bonds which, 
in the end, resulted in lower char yield. Some researchers [48,49] reported that 
the addition of aromatic compounds to the polyesters and its blends may 
increase carbonaceous char residue, but flame retardation is not a subject of 
this research. To discuss differences in these cases was found difficult, as no 
significant differences were found between the samples. 
Although the decomposition started earlier, the MFCs are prone to degrade 
slower compared to the PP and IMB, due to the microfibrillar morphology, as 
well as the variation in crystallinity may contribute to slower degradation 
[8,46]. Sample DR8 showed the highest temperature onset as can be seen from 
Table 4.3. It was concluded that this sample achieved an optimal morphology 
with good dispersion and distribution of the fibres. The adhesion between the 
fibres and matrix, perhaps, was enhanced due to higher aspect ratio of the 
fibres, which could contribute to a more difficult decomposition. Additionally, 
there is a possibility that in the MFC samples, some level of fibre orientation 
is still preserved even at their melting temperatures, postponing the 
degradation onset.  
It could be concluded that the microfibres achieved in the samples DR4 and 
DR8 showed the best degradation profile, which corresponds to earlier studies 
done by Jayanarayanan et al. [25].  
 
4.5. Dynamic Mechanical Properties of MFCs 
 
DMA can give a better insight into the quality of reinforced composites 
such as adhesion between matrix and fibres, damping behaviour, elasticity, as 
well as the influence of temperature [50]. DMA may enable establishing a 
relationship between the morphology and thermo-mechanical properties 
associated with the viscoelastic behaviour, conformational changes in the 
polymers, and microscopic rearrangements at the molecular level [28].  
Figure 4.7 shows the dynamic mechanical behaviour of the neat PP, PET, 
and MFCs as a function of temperature. Storage modulus (E’) represented in 
graph 4.7a gives an insight into the stiffness of the materials as a function of 
temperature and represents a measure of the maximum energy stored in the 
material during one cycle of oscillation [51]. It can be detected a decrease in 
E’ for the neat PP sample with an increase in temperature. This is due to an 
increased molecular mobility of the PP chains above its Tg because the stiffness 





amorphous phase, therefore an increase in mobility will lead to decrease in 
stiffness [27]. Moreover, in the neat PET curve, a sharp fall in storage modulus 
can be noticed above its Tg (80 ºC). The storage modulus indicates the 
resistance of materials against deformation at different temperatures under 
oscillation forces. While PET is in a glassy state it shows a high stiffness, while 
above Tg relaxed PET chains do not resist against this deformation. However, 
it seems that the PET fibres in PP matrix show a different behaviour, as a 
decrease is more linear, which indicates that composites follow the behaviour 
of the matrix with a shift towards higher values of E’. The presence of the PET 




Figure 4.7. Temperature dependence of the viscoelastic parameters for neat PP, PET and 
MFCs at DR 4, 8 and 12 at a frequency of 0.1 rad/s. a) Storage modulus E’ versus 
temperature; b) loss modulus E’’ versus temperature (insert graph of PET E’’ can be found 
enlarged in Appendix G). 
 
Table 4.4. Dynamic mechanical properties of neat PP, PET and MFCs. 
 
Observing the curves, it can be seen that E’ increases with the increment of 
DR. DR12 achieved the highest E’ of 1502 MPa, while DR4 and DR8 showed 
lower stiffness (Table 4.4). Obviously, E’ is affected by the presence of the 
fibres, and particularly, the fibres show greater influence on the modulus above 
Tg. Several studies [27,28,50] reported that fibres may contribute to imparting 
Sample Storage Modulus, [E’/ MPa] Tg Tα 
 10 ºC 30 ºC 60 ºC 80 ºC 100 ºC 120 ºC [ºC] [ºC] 
PP 1165 852.0 379.0 261 199 138 - 60.7 
PET 1245 1175 1017 61.0 10.0 27.0 74.5 79.4 
IMB 1314 1013 539.0 393 256 171 78.5 84.3 
DR4 1263 1013 570.0 323 181 121 78.5 85.0 
DR8 1165 1080 612.0 344 190 126 79.0 86.3 





stiffness of the composites due to the high restriction of the molecular motions 
in the matrix induced by their presence. 
Furthermore, loss modulus for all samples was observed as an important 
property (Figure 4.7b) because it represents the viscous response of 
viscoelastic materials. It is determined as a measure of the dissipated energy 
or lost as a heat per cycle of sinusoidal deformation [28]. In theory, PP exhibits 
three relaxations - γ, β, and α at - 80 ºC, 10 ºC, and 100 ºC, respectively; 
therefore, the highest modulus for PP should be at its Tg indicating β-
relaxation, according to the literature [27]. However, our tests were run only 
from 10 ºC until 120 ºC, thus the relaxations below 0 °C could not be observed. 
For our study, it was more important what is happening at higher temperatures 
within the composites and what is the influence of the microfibres on the PP 
matrix. Hence, the results achieved for the composites clearly show the 
presence of α-relaxation at the PET Tg. The higher values of the loss modulus 
at the α-transition may indicate a reduction of the segmental mobility of the PP 
molecules [28,51,53] but also it could be an indication of good interfacial 
adhesion between the matrix and the fibres in the MFCs [27,28]. Additionally, 
a broader loss modulus peak at Tg might be attributed to an inhibition of the 
relaxation process within the composite [28,54–56]. The width of the 
relaxation spectrum gives an indication of the diversity of the chain segments 
and their rigidity. According to the literature [54,57], the E’’ peak is expected 




Figure 4.8. Variation of a) storage modulus and b) normalised storage modulus of MFCs 
with DR at temperatures 10, 30, 60, 80, 100 and 120 ºC (lines added only for visual support). 
 
The variation of the storage modulus with DR at different temperatures is 
given at Figure 4.8a. This graph shows a linear decrease in storage modulus 
with an increase of temperature. In addition, to understand better the effect of 





(Figure 4.8b). Normalised E’ is determined as a ratio of the E’ of the 
composite and E’ of the PP at the same temperature. 
In general, there is no clear trend; however, it can be noted that at 30 ºC 
and 60 ºC, normalised E’ increases with the DR applied. As previously 
mentioned, at elevated temperatures there is the possibility for constrained PP 
chain mobility due to the presence of the PET component which will affect the 
storage modulus. From the graph, it can be observed that DR12 achieved the 
highest values for all reported temperatures, while DR4 and DR8 showed a 
decrease at 80 ºC, 100 ºC and 120 ºC. The reason for such a behaviour might 
be linked to the microstructure of these two MFCs. It was reported that at DR12 
very long and thin (0.46 µm) microfibres were obtained, while in DR8 and 
DR4 the diameters were higher. Although the fibre length for all samples is 
unknown, we assume that in the DR12 sample the longest fibres are present; 
hence, in this composite, the fibres could be more efficient in restricting the PP 
chain motions. Besides, the orientation of the fibres may affect the properties 
as well as interfacial interactions; therefore, it is possible that, due to the 
presence of longer fibres, the stress transfer between matrix and fibres was 
better [28]. 
However, the increase in normalised E’ from DR4 to DR8 was noticed up 
to 60 ºC, which supports a theory that the reinforcing effect is appreciable at 
temperatures lower than the Tg of the reinforcing component because, once the 
temperature has been passed Tg, the microfibres change their behaviour and 
become relaxed [27]. Additionally, the presence of the very long fibres in 
DR12 might contribute to higher storage modulus because they are more 
efficient in restricting the PP chain motions. Also, the orientation of the fibres 
may affect the properties as well as interfacial interactions; therefore, it is 
possible that, due to the presence of longer fibres, the stress transfer between 
matrix and fibres was better resulting in higher storage modulus. 
Furthermore, the damping properties of the material may give information 
about the balance between the viscous and elastic responses in the polymers, 
and it is related to the degree of molecular mobility in the polymer material. In 
the transition region, damping behaviour is dependent on the mechanical 
relaxation of the matrix and fibres, the fibre/matrix interface, fibre length, and 






Figure 4.9. Damping properties of the neat PP, PET and MFCs. 
 
 
Figure 4.9 presents the damping properties for all samples. It is clear that 
tan δ is higher for neat PET than for neat PP, IMB, and MFCs. Moreover, it 
can be noticed that by the incorporation of PET, tan δ did increase in the 
composites. Usually, by incorporating fibres, is expected an increase in the 
elasticity and a decrease in the viscosity of the matrix, which will result in less 
energy to overcome frictional forces among the molecular chains [28]. 
Therefore, an increase in tan δ would mean that, in the composite, less 
interfacial debonding occurs [28]. Moreover, it can be observed that Tα shifted 
to higher temperatures for all composites when compared to the PP sample. Tα 
for PP was found at 60.7 ºC, while for the IMB, DR4, DR8, and DR12 it was 
observed at 84.3, 85.0, 86.3, and 92.3 ºC, respectively. It is obvious that the 
PET component has affected the motions of the PP chains; however, it seems 
that the samples DR4 and DR8 did not have a significant influence on Tα when 
compared to IMB. On the one hand, the reason could be the poor distribution 
of the fibres in these samples, and the presence of the fibre-fibre interactions 
that caused fibre bundles in the composite, which resulted in a weak 
matrix/fibre interface. On the other hand, the increase in Tα for DR12 might be 
an indication of improved interfacial adhesion between the fibres and matrix, 
as the damping properties are closely related to the interaction between matrix 








The main goal of this chapter was to present the influence of the draw ratio 
on the morphology and thermo-mechanical properties of the MFCs. The 
PP/PET MFCs were successfully processed at different draw ratios by a three-
step processing: extrusion, cold drawing, and injection moulding. The highest 
draw ratio was 12, as the current setup for cold drawing could not go beyond 
it. Blending and making MFCs of these two polymers have shown a strong 
influence of the PET component on the thermal properties of PP in blends and 
composites. 
Regarding the reported results, it was observed that with an increase of the 
draw ratio, the fibre diameter decreases and, therefore, the MFC drawn at 
DR12 achieved the lowest average diameter. TGA results have shown that the 
MFCs are prone to degrade at a slower rate. PET fibres prolonged the 
degradation time of the composites, particularly in the samples where the fibres 
coalesced and formed  bundles. Furthermore, the crystallisation behaviour of 
the PP in the PP/PET compositions was affected. An increase in PP 
crystallisation temperature was found with the increase in draw ratio because 
microfibres act as the heterogeneous nucleating agents for PP. 
DMA showed that the temperature has a significant influence on MFCs 
properties. With an increase in temperature, the storage modulus decreased in 
all samples, which proved that stiffness at elevated temperatures for 
semicrystalline materials is governed by the amorphous phase. A clear trend 
in the effect of the draw ratio was absent; however, the higher values in storage 
and loss modulus, as well as in damping properties, were observed for the 
sample DR12. The increment in damping properties has confirmed that in the 
MFC with high aspect ratio fibres, less interfacial debonding may occur. In 
general, it may be concluded that the presence of thin and long microfibres has 
a positive influence on the dynamic mechanical properties due to the high 
nucleating ability of the matrix and increased interfacial adhesion between the 
matrix and fibres. 
According to the presented study, the samples DR4 and DR8 were 
selected for further investigations of MFCs within this dissertation, as at 
these draw ratios there is less possibility to break up microfibres during 
processing. Additionally, to define the optimal composition ratio for the MFCs, 
it would be easier to conduct the drawing step at low draw ratios, as using a 
high PET concentration might affect the drawing process. Once the optimal 
concentration of the reinforcement would be determined, the draw ratio could 
be maintained at DR8, and it would be the optimal cold draw ratio, as 








[1] Clark ES, Scott LS. Superdrawn crystalline polymers: A new class of high‐strength 
fiber. Polym Eng Sci 1974;14:682–6. https://doi.org/10.1002/pen.760141004. 
[2] Taylor WN, Clark ES. Superdrawn filaments of polypropylene. Polym Eng Sci 
1978;18:518–26. https://doi.org/10.1002/pen.760180615. 
[3] Ward IM, Hadley DW. An introduction to the mechanical properties of solid polymers. 
1993. 
[4] Ragaert K, Delva L, Van Damme N, Kuzmanovic M, Hubo S, Cardon L. Microstructural 
foundations of the strength and resilience of LLDPE artificial turf yarn. J Appl Polym 
Sci 2016;133. https://doi.org/10.1002/app.44080. 
[5] Ginzburg BM. On the “Cold drawing” of semicrystalline polymers. J Macromol Sci Part 
B Phys 2005;44:217–23. 
[6] Ginzburg BM, Shepelevskii AA, Sultanov N, Tuichiev S. Supermolecular mobility and 
new concept of supermolecular organization in oriented semicrystalline polymers. J 
Macromol Sci Part B 2002;41:357–85. 
[7] Fakirov S, Bhattacharyya D, Lin RJT, Fuchs C, Friedrich K. Contribution of coalescence 
to microfibril formation in polymer blends during cold drawing. J Macromol Sci Part B 
Phys 2007;46 B:183–94. https://doi.org/10.1080/00222340601044375. 
[8] Jayanarayanan K, Jose T, Thomas S, Joseph K. Effect of draw ratio on the 
microstructure, thermal, tensile and dynamic rheological properties of insitu 
microfibrillar composites. Eur Polym J 2009;45:1738–47. 
https://doi.org/10.1016/j.eurpolymj.2009.02.024. 
[9] Shields RJ, Bhattacharyya D, Fakirov S. Oxygen permeability analysis of microfibril 
reinforced composites from PE/PET blends. Compos Part A Appl Sci Manuf 
2008;39:940–9. https://doi.org/10.1016/j.compositesa.2008.03.008. 
[10] Fakirov S. The concept of micro-or nanofibrils reinforced polymer-polymer composites. 
Munich: Carl Hanser Verlag; 2012. 
[11] Evstatiev M, Fakirov S. Microfibrillar reinforcement of polymer blends. Polymer 
(Guildf) 1992;33:877–80. https://doi.org/10.1016/0032-3861(92)90354-Y. 
[12] Fakirov S, Evstatiev M, Schultz JM. Microfibrillar reinforced composite from drawn 
poly(ethylene terephthalate)/nylon-6 blend. Polymer (Guildf) 1993;34:4669–79. 
https://doi.org/10.1016/0032-3861(93)90700-K. 
[13] Evstatiev M, Nicolov N, Fakirov S. Morphology of microfibrillar reinforced composites 
PET/PA 6 blend. Polymer (Guildf) 1996;37:4455–63. https://doi.org/10.1016/0032-
3861(96)00137-1. 
[14] Evstatiev M, Fakirov S, Friedrich K. Microfibrillar reinforced composites-another 
approach to polymer blends processing. NATO ASI Ser E Appl Sci 2000;370:311–26. 
[15] Fakirov S, Evstatiev M, Friedrich K. Nanostructured Polymer Composites from Polymer 
Blends: Morphology and Mechanical Properties: Sections 6–7. Handb Thermoplast 
Polyesters Homopolymers, Copolym Blends, Compos 2002:1122–32. 
[16] Friedrich K, Evstatiev M, Fakirov S, Evstatiev O, Ishii M, Harrass M. Microfibrillar 
reinforced composites from PET/PP blends: Processing, morphology and mechanical 
properties. Compos Sci Technol 2005;65:107–16. 
https://doi.org/10.1016/j.compscitech.2004.06.008. 
[17] Evstatiev M, Fakirov S, Krasteva B, Friedrich K, Covas JA, Cunha AM. Recycling of 
poly(ethylene terephthalate) as polymer-polymer composites. Polym Eng Sci 
2002;42:826–35. https://doi.org/10.1002/pen.10994. 
[18] Chen YH, Zhong GJ, Li ZM. Microfibril reinforced polymer-polymer composites via 
hot stretching: Preparation, structure and properties. Synth Polym Compos 2012:401–
36. 
[19] Li ZM, Li L Bin, Shen KZ, Yang MBO, Huang R. In-situ microfibrillar PET/iPP blend 
via slit die extrusion, hot stretching, and quenching: Influence of hot stretch ratio on 
morphology, crystallization, and crystal structure of iPP at a fixed PET concentration. J 





[20] Li ZM, Yang MB, Xie BH, Feng JM, Huang R. In-Situ Microfiber Reinforced 
Composite Based on PET and PE via Slit Die Extrusion and Hot Stretching: Influences 
of Hot Stretching Ratio on Morphology and Tensile Properties at a Fixed Composition. 
Polym Eng Sci 2003;43:615–28. https://doi.org/10.1002/pen.10050. 
[21] Shields RJ, Bhattacharyya D, Fakirov S. Fibrillar polymer-polymer composites: 
Morphology, properties and applications. J Mater Sci 2008;43:6758–70. 
https://doi.org/10.1007/s10853-008-2693-z. 
[22] Li Z, Narh KA. Experimental determination and numerical prediction of mechanical 
properties of injection molded self-reinforcing polymer composites. Compos Part B Eng 
2001;32:103–9. https://doi.org/10.1016/S1359-8368(00)00046-9. 
[23] Wan HQ, Ji X. Morphology and non-isothermal crystallization of in-situ microfibrillar 
poly(ethylene terephthalate)/polyethylene blend obtained via rod die extrusion and hot 
stretch. J Mater Sci 2004;39:6839–42. 
https://doi.org/10.1023/B:JMSC.0000045615.17681.a6. 
[24] Rodriguez-Gonzalez FJ, Virgilio N, Ramsay BA, Favis BD. Influence of Melt Drawing 
on the Morphology of One-and Two-Step Processed LDPE/Thermoplastic Starch 
Blends. Adv Polym Technol 2003;22:297–305. https://doi.org/10.1002/adv.10057. 
[25] Jayanarayanan K, Thomas S, Joseph K. In situ microfibrillar blends and composites of 
polypropylene and poly (ethylene terephthalate): Morphology and thermal properties. J 
Polym Res 2011;18:1–11. https://doi.org/10.1007/s10965-009-9384-6. 
[26] Jayanarayanan K, Ravichandran A, Rajendran D, Sivathanupillai M, Venkatesan A, 
Thomas S, et al. Morphology and Mechanical Properties of Normal Blends and In-Situ 
Microfibrillar Composites from Low-Density Polyethylene and Poly(ethylene 
terephthalate). Polym - Plast Technol Eng 2010;49:442–8. 
https://doi.org/10.1080/03602550903414043. 
[27] Jayanarayanan K, Thomas S, Joseph K. Morphology, static and dynamic mechanical 
properties of in situ microfibrillar composites based on polypropylene/poly (ethylene 
terephthalate) blends. Compos Part A Appl Sci Manuf 2008;39:164–75. 
https://doi.org/10.1016/j.compositesa.2007.11.008. 
[28] Costa CSMF, Fonseca AC, Serra AC, Coelho JFJ. Dynamic Mechanical Thermal 
Analysis of Polymer Composites Reinforced with Natural Fibers. Polym Rev 
2016;56:362–83. https://doi.org/10.1080/15583724.2015.1108334. 
[29] Ferry JD. The nature of viscoelastic behavior. Viscoelastic Prop Polym 2nd Ed John 
Wiley Sons, Inc, New York, NY 1980:1–32. 
[30] Li ZM, Yang W, Li L Bin, Xie BH, Huang R, Yang MB. Morphology and 
Nonisothermal Crystallization of in situ Microfibrillar Poly(ethylene 
terephthalate)/Polypropylene Blend Fabricated through Slit-Extrusion, Hot-Stretch 
Quenching. J Polym Sci Part B Polym Phys 2004;42:374–85. 
https://doi.org/10.1002/polb.10660. 
[31] Li ZM, Fu XR, Yang S, Yang MB, Yang W, Huang R. Deformation and morphology 
development of poly(ethylene terephthalate)/polyethylene and 
polycarbonate/polyethylene blends with high interfacial contact during elongation. 
Polym Eng Sci 2004;44:1561–70. https://doi.org/10.1002/pen.20153. 
[32] Li ZM, Yang W, Xie BH, Shen KZ, Huang R, Yang MB. Morphology and tensile 
strength prediction of in situ microfibrillar poly(ethylene terephthalate)/polyethylene 
blends fabricated via slit-die extrusion-hot stretching-quenching. Macromol Mater Eng 
2004;289:349–54. https://doi.org/10.1002/mame.200300260. 
[33] Xu L, Zhong GJ, Ji X, Li ZM. Crystallization behavior and morphology of one-step 
reaction compatibilized microfibrillar reinforced isotactic polypropylene/poly(ethylene 
terephthalate) (iPP/PET) blends. Chinese J Polym Sci (English Ed 2011;29:540–51. 
https://doi.org/10.1007/s10118-011-1066-2. 
[34] Jayanarayanan K, Bhagawan SS, Thomas S, Joseph K. Morphology development and 
non isothermal crystallization behaviour of drawn blends and microfibrillar composites 
from PP and PET. Polym Bull 2008;60:525–32. https://doi.org/10.1007/s00289-007-
0883-5. 
[35] Körmendy E, Marcinčin A, Hricová M, Kovačic V. Phase morphology of 






[36] Li ZM, Yang MB, Feng JM, Yang W, Huang R. Morphology of in situ poly(ethylene 
terephthalate)/polyethylene microfiber reinforced composite formed via slit-die 
extrusion and hot-stretching. Mater Res Bull 2002;37:2185–97. 
https://doi.org/10.1016/S0025-5408(02)00894-2. 
[37] Perilla JE, Jana SC. Coalescence of immiscible polymer blends in chaotic mixers. 
AIChE J 2005;51:2675–85. https://doi.org/10.1002/aic.10500. 
[38] Jayanarayanan K, Joseph K, Thomas S. Microfibrils Reinforced composites based on 
PP and PET: Effect of draw ratio on morphology, static and dynamic mechanical 
properties, crystallization and rheology. Synth. Polym. Compos., Elsevier; 2012, p. 525–
62. 
[39] Apostolov AA, Samokovliyski O, Fakirov S, Stribeck N, Denchev Z, Evstatiev M, et al. 
Transcrystallisation with reorientation of polypropylene in drawn PET/PP and PA66/PP 
blends. Part 1. Study with WAXS of synchrotron radiation. Prog Colloid Polym Sci 
2005;130:159–66. https://doi.org/10.1007/b107332. 
[40] Evstatiev M, Apostolov AA, Denchev Z, Fakirov S, Friedrich K. Transcrystallization 
with reorientation of polyethylene in a drawn PET/PE blend as revealed by waxs of 
synchrotron radiation. Int J Polym Mater Polym Biomater 2004;53:847–57. 
https://doi.org/10.1080/00914030490502373. 
[41] Lopez-Manchado MA, Arroyo M. Crystallization kinetics of polypropylene: Part 4: 
Effect of unmodified and azide-modified PET and PA short fibres. Polymer (Guildf) 
1999;40:487–95. https://doi.org/10.1016/S0032-3861(98)00198-0. 
[42] Tao Y, Pan Y, Zhang Z, Mai K. Non-isothermal crystallization, melting behavior and 
polymorphism of polypropylene in β-nucleated polypropylene/recycled poly(ethylene 
terephthalate) blends. Eur Polym J 2008;44:1165–74. 
https://doi.org/10.1016/j.eurpolymj.2008.01.023. 
[43] Zhu Y, Liang C, Bo Y, Xu S. Non-isothermal crystallization behavior of compatibilized 
polypropylene/recycled polyethylene terephthalate blends. J Therm Anal Calorim 
2015;119:2005–13. https://doi.org/10.1007/s10973-014-4349-3. 
[44] Mirjalili F, Moradian S, Ameri F. Enhancing the dyeability of polypropylene fibers by 
melt blending with polyethylene terephthalate. Sci World J 2013;2013. 
https://doi.org/10.1155/2013/468542. 
[45] Waldman WR, De Paoli MA. Thermo-mechanical degradation of polypropylene, low-
density polyethylene and their 1:1 blend. Polym Degrad Stab 1998;60:301–8. 
https://doi.org/10.1016/s0141-3910(97)00083-9. 
[46] Al-Mulla A, Shaban HI. Degradation kinetics of poly(ethylene terephthalate) and poly 
(methyl methacrylate) blends. Polym Bull 2007;58:893–902. 
https://doi.org/10.1007/s00289-006-0712-2. 
[47] Girija BG, Sailaja RRN, Madras G. Thermal degradation and mechanical properties of 
PET blends. Polym Degrad Stab 2005;90:147–53. 
https://doi.org/10.1016/j.polymdegradstab.2005.03.003. 
[48] Kim M, Ghim H Do. End-capped polyethylene terephthalate having superior 
carbonaceous char yield. Fibers Polym 2013;14:369–74. 
https://doi.org/10.1007/s12221-013-0369-z. 
[49] Balabanovich AI. Poly(butylene terephthalate) fire retarded by bisphenol a bis(diphenyl 
phosphate). J Anal Appl Pyrolysis 2004;72:229–33. 
https://doi.org/10.1016/j.jaap.2004.07.001. 
[50] Faulstich de Paiva JM, Frollini E. Unmodified and modified surface sisal fibers as 
reinforcement of phenolic and lignophenolic matrices composites: thermal analyses of 
fibers and composites. Macromol Mater Eng 2006;291:405–17. 
[51] Sreekumar PA, Saiah R, Saiter JM, Leblanc N, Joseph K, Unnikrishnan G, et al. 
Dynamic mechanical properties of sisal fiber reinforced polyester composites fabricated 
by resin transfer molding. Polym Compos 2009;30:768–75. 
[52] Calcagno CIW, Mariani CM, Teixeira SR, Mauler RS. The role of the MMT on the 
morphology and mechanical properties of the PP/PET blends. Compos Sci Technol 
2008;68:2193–200. https://doi.org/10.1016/j.compscitech.2008.03.012. 
[53] López-Manchado MA, Biagitti J, Kenny JM. Comparative study of the effects of 
different fibers on the processing and properties of ternary composites based on PP-





[54] Pothan LA, Oommen Z, Thomas S. Dynamic mechanical analysis of banana fiber 
reinforced polyester composites. Compos Sci Technol 2003;63:283–93. 
[55] Mohanty S, Verma SK, Nayak SK. Dynamic mechanical and thermal properties of 
MAPE treated jute/HDPE composites. Compos Sci Technol 2006;66:538–47. 
[56] Hameed N, Sreekumar PA, Francis B, Yang W, Thomas S. Morphology, dynamic 
mechanical and thermal studies on poly (styrene-co-acrylonitrile) modified epoxy 
resin/glass fibre composites. Compos Part A Appl Sci Manuf 2007;38:2422–32. 
[57] Nair KCM, Thomas S, Groeninckx G. Thermal and dynamic mechanical analysis of 
polystyrene composites reinforced with short sisal fibres. Compos Sci Technol 
2001;61:2519–29. 
[58] Ray D, Sarkar BK, Das S, Rana AK. Dynamic mechanical and thermal analysis of 
vinylester-resin-matrix composites reinforced with untreated and alkali-treated jute 
fibres. Compos Sci Technol 2002;62:911–7. 
[59] Clark Jr RL, Craven MD, Kander RG. Nylon 66/poly (vinyl pyrrolidone) reinforced 
composites: 2: Bulk mechanical properties and moisture effects. Compos Part A Appl 







The Effect of Injection Moulding Temperature 
on the Morphology and Mechanical Properties 
of PP/PET Blends and MFCs 
This chapter is devoted to the study of the isotropization step via 
injection moulding. It explores the influence of the injection moulding 
temperature on the properties of PP/PET MFCs. The effect of PET 
component on degradation and crystallisation behaviour was 
described. Blends and composites prepared at different processing 
temperatures were compared and their morphology and mechanical 




It is well known that processing parameters play a crucial role in 
determining the morphology and final properties of the polymer composites. 
In Chapter 2 was pointed out that parameters such as mould temperature, 
pressure, shear rate, and injection speed should be controlled, but injection 
moulding temperature is the most important factor in production of MFCs. The 
improvement of mechanical properties by the MFC concept has already been 
shown [1–3], although not much attention has been dedicated to the specific 
influence of the processing temperature during the injection moulding step 
(isotropization of MFCs). 
For the MFC technique, most researches focus on differences in 
composition of the starting blend [3–10], the influence of draw ratio [11,12], 
and the influence of compatibilizers [13–16]. Several researchers [11,17] 
found that the influence of screw speed, barrel temperature, cooling time 
during moulding, and mould temperature are very important for the final 
material properties, while the influence of injection moulding temperature was 
investigated only for MFCs’ compositions based on PE and PET [1,18,19]. 
Researchers have found that the fibrillar structure may be lost after processing 
at very high temperature, which consequently strongly influences the 





No studies, however, reported and explained as a main topic the effect of 
injection moulding temperature on morphology and mechanical properties of 
PP/PET composition. 
The goal of this research is to investigate the influence of the injection 
moulding temperature on the properties of the (undrawn) IMBs and MFCs, 
which are expected to originate within the morphology of the PET component 
in PP/PET blends and composites. The IMBs were prepared by extrusion and 
injection moulding while, for the preparation of MFCs, an additional cold 
drawing step was introduced between extrusion and injection moulding. The 
relevant mechanical and thermal properties were investigated by flexural and 
impact testing, and DSC, respectively. The thermal degradation of the IMBs 
and MFCs was studied by TGA. Further, SEM was used to investigate the 
morphology of the samples and to study the influence of different injection 
moulding temperatures. 
In this chapter, we present the results of non-compatibilized blends and 
composites as we would like to explain how, specifically, the injection 
moulding temperature (Tim) affects the morphology and mechanical properties 
of blends and MFCs made from two virgin polymers, i.e., without additives, 
compatibilizers, or fillers. The main contribution of this work is that it gives a 
better insight into the temperature-based morphological development of MFCs 
during manufacturing. This fundamental insight remains relevant when 
expanding research towards the incorporation of compatibilizing agents. 
 
5.2. Thermal Properties  
5.2.1. Thermal Decomposition of IMBs and MFCs 
 
Thermogravimetric analyses of the samples were performed to investigate 
the degradation of PP and PET in IMBs and MFCs compared with the virgin 
PP and PET. The results are shown in Figure 5.1a and summarised in Table 
5.1. 
 
Table 5.1. Non-isothermal decomposition characteristics of PP, PET, IMB and MFC in 
nitrogen. 
 
Sample Tonset Tmax Tendset Char yield at 550  ºC 
 [ºC] [ºC] [ºC] [%] 
PP 342.1 417.6 435.9 0.10 
PET 396.5 441.4 490.8 14.5 
IMB 349.3 419.1 469.2 4.70 





All samples show a single weight loss step upon heating to 600 ºC. The 
degradation step of PP was within the range of 342 to 436 ºC with a limited 
char yield of 0.1 %, and for PET it was within 396 ºC to 491 ºC with a char 
yield of 14.5 %. These results are very consistent with those found in the 
literature [11,20,21]. The thermal degradation of PP, as explained in Chapter 
4, does not imply chain branching or crosslinking [21], so the process started 
by thermal scission of C–C bonds [22]. 
As can be expected, if we compare the decompositions of PP and PET, it is 
obvious that PET has higher thermal stability than PP. PET’s decomposition is 
initiated by the scission of ester groups in the chains, yielding to carboxyl and 
vinyl ester groups [23,24] and eventually 14.5 % of char residue remains. As 
the IMB 70/30 and MFC 70/30 contain a high amount of PET (30 wt%) the 
difference between the PP degradation and the other two samples is obvious. 
A delay in the onset temperature for the IMB and MFC samples due to the 
presence of the PET component can be noticed. 
 
 
Figure 5.1. Thermal stability behaviour a) TGA b) dTGA curves of injection moulding PP, 
PET, IMB and MFC 70/30 PP/PET at 210 ºC. 
The higher onset temperature for MFC 70/30 indicates a delayed degradation 
due to the formation of PET microfibres. From the dTGA curves presented in 
Figure 5.1b, it can be seen that the presence of PET severely affects the 
degradation behaviour of PP in both IMB and MFC. The degradation peaks for 
IMB and MFC were found at 419.1 ºC and 430.8 ºC, respectively. It was shown 
in Chapter 4 that the presence of PET as fibres may strongly affect the 
degradation of the blend, as the fibres are prone to degrade slower than 
particles. Even after melting, orientation and alignment of fibres can be 
maintained, since only temperature is applied during the test (no shear or 
mixing) so the alignment remains in the molten state, which results in larger 
cohesion forces and higher onset temperature of degradation. Jayanarayanan 
et al. [11] elaborated that a high aspect ratio of PET microfibres (five or eight) 





5.2.2. Melting and Crystallinity Behaviour of IMBs and  
MFCs 
 
Differential scanning calorimetry (DSC) was used for studying the melting 
and crystallisation behaviour of PP and PET in the IMB and MFC samples. 
Table 5.2 shows the results of thermal properties during the first heating of all 
samples. The Tm, Tc, Tconset, and Tcendset, ∆Hm of the PP component, absolute 
value of crystallisation enthalpy ∆Hc of PP, and χc are displayed. 
In Table 5.2 it can be seen that the melting enthalpy for IMB is lower than 
that of the neat PP, which results in a lower crystallinity degree in IMB. There 
is a possibility that the mobility of PP chains was reduced due to the presence 
of the PET component [25]. However, in the MFC, χc is higher in comparison 
to both neat PP and IMB, due to the presence of long fibres. These act as 
nucleation sites for the trans-crystallisation of the PP component [11], thereby 
increasing the total amount of crystallinity. In IMB, this nucleation effect is 
much lower and dominated by the constraining effect of the PP component, 
slightly reducing χc. 
 
Table 5.2. Thermal properties of PP, PET, IMB, and MFC during the first heating and 
cooling cycles. 
 
Figure 5.2a presents the DSC thermograms of the samples after injection 
moulding. The temperature of 171.7 ºC corresponds to the melting peak of the 
PP component since at this temperature PET is still a semi-crystalline solid, 
while PP is in a molten state. Analysing the PET curve, the typical cold 
crystallisation at 130.4 ºC and the melting point at 256 ºC were found. 
Comparing the Tm for IMB and MFC with neat PP, a decrease in the Tm of the 
PP component can be found, still with a single melting peak of PP, which 
confirms the presence of α-crystalline modification. The crystallisation 
temperature of neat PP is around 114 ºC, but in IMB the PET component 
shifted the Tc of PP to the higher values ~120 ºC (Figure 5.2b). PP crystals 
become imperfect due to the presence of the PET, which means a lower 
spherulite size of PP and a higher number of spherulites. Therefore, the result 
is a decrease in the melting temperature of PP and an enhanced crystallisation. 
Sample TmPP TmPET ΔHmPP ΔHcPP χcPP TcPP TcPET 
 [ºC] [ºC] [J/g] [J/g] [%] [ºC] [ºC] 
PP 171.1 - 73.7 112.8 35.6 114.8 - 
PET - 256.0 - - - - 196.3 
IMB 169.2 254.9 45.6 72.10 31.5 118.8 189.1 





In the case of MFC the same effect is noted, which indicates that PET in situ 
microfibres had a significant nucleating effect on the crystallisation of PP due 
to the higher surface-to-volume ratio. Similar results have been described by 
other authors [11,25–28]. 
 
 
Figure 5.2. DSC thermograms of PP, PET, IMB and MFC during a) heating, b) cooling. 
 
5.3. Morphological Characterisation 
5.3.1. Microstructural Development of IMBs and MFCs 
 
Morphological control of the dispersed component is extremely important 
to achieve good properties for polymer blends and MFCs [2,19,20,29–31]. 
Figure 5.3 presents SEM micrographs of PP/PET composition with 30 wt % 
PET after extrusion, cold drawing and injection moulding at 210 ºC. The 
undrawn blend shows a typical incompatible morphology (Figure 5.3a), where 
the spherical PET particles with a diameter ranging between 1–5 µm, are found 
to be distributed in the PP matrix. Additionally, it can be seen that the PET 
particles exhibit a uniform dispersion in the PP matrix, with no adhesion 
between the two polymer constituents, which indicates a completely 
immiscible blend [2,29]. This morphology is very convenient for drawing and 
making fibres, and later, MFCs. 
Figure 5.3b,c show the morphology after fibrillation and before injection 
moulding. It is clear that both components are oriented and the average 
diameter of the fibres is 1.5 µm. Figure 5.3d presents the IMB sample injection 
moulded at 210 ºC with obvious incompatible blend morphology. Discrete 
domains of the minor component dispersed within the major component 
without adhesion between the polymers can be seen. After injection moulding 
at 210 ºC it can be noticed that the MFC structure obtained after the cold 
drawing was preserved in the samples (Figure 5.3e,f). Fibres with diameters 






Figure 5.3. SEM micrographs of freeze-fracture surfaces under liquid nitrogen of the 70/30 
PP/PET a) extrusion blend; b, c) cold drawn blend; d) IMB at 210 ºC; e, f) MFC at 210 ºC. 
 
5.3.2. Effect of Injection Moulding Temperature  on 
Microstructure of IMBs and MFCs 
 
IMBs and MFCs were injection moulded at three different Tim: 210, 230, 
and 280 ºC. Figure 5.4 shows the different morphologies of the IMBs at 
different Tim. All IMBs and MFCs, prepared either at low or high Tim, show 
typical incompatible morphology. At 230 ºC and 280 ºC (Figure 5.4b,c), some 
larger elliptical particles occur, which could be mistaken for microfibres, but 
contrary to microfibres they have uneven cross-sections. Several PET particles 
have made new single ‘daughter’ particles, ellipsoids which, from the obtained 
observation, could be mistaken for fibres, but it is known that blend 
morphology does not display these structures. This phenomenon is known as 
the coalescence effect. Under the effect of coalescence, the merging of two or 
more particles into one new larger particle which is often not spherical in shape 
is implied [30]. 
 
 
Figure 5.4. SEM micrographs of freeze-fracture surface under liquid nitrogen 70/30  





During the injection moulding process at higher temperature there is a 
significant possibility for deformation and coalescence of PET particles and 
fibres [3,10–12,19,30,32–35]. 
In Table 5.3 the average, minimum, and maximum diameters of PET 
particles and fibres in PP/PET compositions are listed. Comparing the size of 
PET particles at lower and higher Tim, the particles at lower Tim are smaller (1 
- 2.5 µm), while the particle size at 280 ºC can reach diameters up to 6 µm due 
to the aforementioned coalescence effect. 
Higgins et al. [36] explained that is difficult to control the mixture of 
polymers as they are thermodynamically stable only in limited temperature 
ranges. As a consequence, the non-compatibilized blends at high processing 
temperature will show larger-sized domains, as was confirmed by Van 
Bruggen et al. [37] in their recent study. 
 
Table 5.3. Diameters of PET spherical particles and fibres in PP/PET composition. 
*blend – extrusion blend; CDB – cold drawn blend 
Micrographs presented in Figure 5.5 – Figure 5.7 show the specimen 
fracture of MFC in the parallel direction to injection moulding flow. It was 
hard to measure the exact longitude of fibres from these micrographs as the 
matrix was not removed, so some fibres are hidden, while the diameters were 
measured (Table 5.3). As mentioned earlier, coalescence has a significant 
influence on PET fibres due to low PET viscosity. Hence, a significant 
possibility is that long fibres deform and, afterwards, stick together. This is 
more likely in the case of higher processing temperatures, but we cannot 
exclude that it could happen during lower processing temperatures. The 
obtained microstructure of MFC made at 210 ºC (Figure 5.5a) clearly indicates 
the uniformity in fibres, as well as their size. On the other hand, in the case of 
the sample moulded at 230 ºC (Figure 5.6), a larger variation in fibre diameter 









blend - 1.0 - 5.0 2.8 ± 1.3 






1.0 - 2.5 
1.0 - 3.0 
2.0 - 6.0 
1.7 ± 0.7 
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Figure 5.5. SEM micrographs of freeze-fracture surfaces in the parallel direction under 
liquid nitrogen of 70/30 PP/PET MFC at 210 ºC: a) low magnification (×450); and b) high 
magnification (×1000). 
 
Figure 5.6. SEM micrographs of freeze-fracture surfaces in the parallel direction under 
liquid nitrogen of 70/30 PP/PET MFC at 230 ºC: a) low magnification (×600); and (b) high 
magnification (×1000). 
 
Figure 5.7. SEM micrographs of freeze-fracture surfaces in the parallel direction under 
liquid nitrogen of 70/30 PP/PET MFC at 280 ºC (a) low magnification (×500); and b) high 
magnification (×1000). 
Körmendy et al. [32] explained that the particles and fibres break up and their 
coalescence is supported by their amorphous state in the PP matrix. The reason 
for the larger fibre diameter in the case of MFCs made at 230 ºC is probably 
caused by the high shear stress at elevated temperatures during injection 





break up, and coalesce [11,30]. At elevated temperatures, such as 280 ºC, PET 
fibres are effectively re-melted and yield a different morphology altogether, as 
can be seen in Figure 5.7. The obtained microstructure once more resembles 
the IMB.  
Definitely, the control of Tim is of great importance during this step. We 
have seen that there is an extreme possibility that PET particles and fibres are 
broken in IMBs and MFCs. From our point of view, the long PET fibres made 
during cold drawing are lost when a high Tim was used, as PET was melted 
again at its processing temperature, which is also confirmed for the IMB 
sample results. Similar explanations were found in several studies [3,19,38]. 
 
5.4. Mechanical Characterisation 
5.4.1. Development of Mechanical Properties 
 
Generally, it is known that non-compatibilized blends have inferior 
mechanical properties compared with the virgin polymers [13]. In order to 
achieve superior properties and improve them in IMBs and MFCs, our focus 
was to investigate the influence of Tim on those properties. 
In Table 5.4 the results obtained for the samples PP, IMB and MFC made 
at 210 ºC, and PET at 280 ºC are listed. The impact energies for both PP/PET 
IMB and MFC were lower than those found for neat PP and PET. This is due 
to the incompatibility between PP and PET and the occurrence of interfacial 
separation between the polymer constituents [19,25]. MFC showed a slight 
increase of 8 % in comparison with IMB (p = 0.057) for the impact energy. 
The reason for the enhanced impact properties in MFC, as explained by some 
authors [14,39,40], and probably lies in the presence of PET fibres which are 
more resistant to crack propagation. Perkins et al. [40] explained that impact 
resistance can vary depending on the degree of crystallinity. In our case, PET 
fibres reinforce the individual PP spherulites. As it has been mentioned earlier, 
the PP crystals become imperfect and smaller, which may increase the impact 
strength. Both the size and amount of PP spherulites play an important role 
and, together with the interfacial adhesion between the oriented PET fibres and 
the PP matrix, will determine the impact strength. 
Comparing the flexural modulus of IMB and MFC with that of neat PP, a 
significant difference was found: an increase of 37 % (p = 0.000) and 42 % (p 
= 0.000) is noted, respectively. IMB (p = 0.00) showed a significant increase 
in flexural strength relative to PP (p = 0.000) of 22 %, while MFC (p = 0.001) 







Table 5.4. Impact and flexural properties of PP, IMB, and MFC at 210ºC, and PET at 
280ºC. 
 
Due to the high flexural properties of PET, the IMB and MFC have shown 
an increase in flexural modulus and strength in relation to neat PP. Comparing 
the flexural modulus of IMB to MFC (p = 0.011), a small, yet significant, 
improvement was observed, while flexural strength was significantly higher 
for IMB compared with MFC (p = 0.002). Confirmations are found by other 
researchers, as well [1,27,41]. 
 
5.4.2. Influence of Tim on Mechanical Properties 
 
Figure 5.8 and Figure 5.9 represent a comparison between the flexural 
properties at different Tim. The mechanical properties of the PP samples at 
different temperatures are in the same range. However, there is a significant 
difference between 210 ºC and the highest temperature of 280 ºC (p = 0.00) in 
flexural modulus, while no significant difference between 230 and 280 ºC is 
found (p = 0.779), as well as between 210 and 230 ºC (p = 0.779). Furthermore, 
there is no difference in flexural strength between 230 and 280 ºC (p = 0.399), 
and between 210 and 230 ºC (p = 0.399). On the other hand, there is a 
significant difference between the samples moulded at 210 and 280 ºC. The 
differences probably originate from different skin-core structures. Several 
researchers studied the formation of skin-core structures of IM parts. Yi et al. 
[42] described how, during injection, the skin layer is exposed to high stress, 
strain, and large cooling rate, all of which lead to different morphology than in 
the core (see POM image of PP skin-core in Appendix D, Figure D1). This 
skin-core structure is, amongst others, influenced by melt temperature and hold 
pressure as observed by Zhou et al. [43]. 
 






Strain at max 
flexural stress 
[%] 
PP 1.7 ± 0.1 1.2 ± 0.01 38.9 ± 0.30 8.1 ± 0.1 
PET 2.3 ± 0.4 2.3 ± 0.06 81.9 ± 1.50 5.7 ± 0.1 
IMB 1.2 ± 0.2 1.6 ± 0.03 47.7 ± 0.50 5.8 ± 0.1 






Figure 5.8. Comparison of flexural modulus of PP, IMBs, and MFCs at three different Tim. 
There is an evident increase in the flexural properties for IMB and MFC 
injection moulded at 210 and 230 ºC relative to the samples made at 280 ºC. 
The IMB samples processed at lower Tim showed an increase in flexural 
modulus in comparison with 280 ºC (Figure 5.8). However, the flexural 
strength of IMB shows a significant increase when Tim is 210 ºC relative to 
the samples moulded at 230 and 280 ºC (p = 0.00) (Figure 5.9). 
Furthermore, the MFC samples made at 210 ºC showed a significant 
improvement for the flexural modulus compared to both obtained at 230 and 
280 ºC (p = 0.00). On the other hand, there are no differences for the flexural 
strength results of the samples moulded at different Tim. Comparing the 
flexural strength of IMB and MFC at 210 ºC, IMB showed a superior value 
(Figure 5.9). It could be explained that the strain at maximum stress, εFSmax, 
is higher for IMB (Table 5.4). As straining is allowed to continue further for 
IMB than for MFC, it makes sense that higher stress levels are also reached. 
The higher εFSmax for IMB is due to the fact that the spherical PET parts are in 
a previously undrawn state, as opposed to the PET microfibres in MFC, which 
have undergone strain hardening during drawing. This will lead to a reduced 







Figure 5.9. Comparison of flexural strength of PP, IMBs, and MFCs at three different Tim. 
The PP impact results moulded at different Tim show slight variations 
(Figure 5.10). This is, again, due to the different skin-core structure and PP 
crystal morphology, strongly affected by the processing temperature [43]. 
Perkins et al. [40] reported that the combination of high processing 
temperature, low mould temperature, and fast injection time will give optimal 
impact strength. 
The impact energy for the IMB sample moulded at the lowest Tim has the 
highest value. This is probably due to the smaller particle size. According to 
the measured diameters listed in Table 5.4, there is no significant difference 
in the average particle size for IMB samples at 210 and 230 ºC but, looking 
into the morphology, there was found a more uniform dispersion of the small 
PET particles when Tim is 210 ºC, while the sample moulded at 230 ºC shows 
a distribution of higher particle diameters. Moreover, in Figure 5.4b, some 
collapsed elliptical particles are noticeable which can reduce the final 
mechanical properties. 
In the case of the MFC samples, it was found a significant difference 
between 210 and 280 ºC (p = 0.022) and, as it can be seen from the graph 
(Figure 5.10), there are no differences between 230 and 280 ºC (p = 0.55). 
However, the impact energy for the MFC made at 210 ºC is higher than 
that made at 280 ºC, as we expected. There is a strong possibility that long 
PET microfibres can act as nucleating agents for the PP, which will lower the 
PP crystal size and improve the adhesion between the two components [39]. 





morphological development, and its impact energy value corresponds to that 
of IMB. 
Comparing all obtained values for impact strength at lower and higher Tim, 




Figure 5.10. Comparison of impact energy of PP, IMBs, and MFCs at three different Tim. 
According to Friedrich et al. [1] and Jayanarayanan et al. [12], the 
processing of MFCs by injection moulding has a great influence on PET 
particles and fibres. Summarising all the results shown in Figures 5.8, 5.9 and 
5.10, the differences between the samples processed at low and high 
temperatures are obvious. The samples produced at lower temperatures have 
shown better properties, but also improvements in properties were observed 
when dealing with the MFC structure over IMB. 
At the highest Tim, the MFCs lose the morphology obtained after twin-
screw extrusion and cold drawing, due to the coalescence of PET fibres, which 
will affect the mechanical properties. During the injection moulding, PET 
fibres are exposed to high shear stresses and undergo a relaxation behaviour at 
elevated temperatures, which causes a reduction of their aspect ratio and a 
decrease in properties. As it was shown, for both IMB and MFC samples made 
at 280 ºC, the lowest properties were obtained, which could be explained by a 
fact that, at the high temperature, PET particles, as well fibres, were re-melted 
again, losing the original morphology. In addition, the explanation could lie in 
the effect of coalescence. At the higher temperature, the PET component is in 





fibres (particles) were deformed and broken which, afterwards, during mixing, 
resulted in their interaction and coalescence (see Section 5.2.3). It is known 
that reinforcing fibres will only act as an effective stress transfer agent up to a 
certain critical length, which is related to the adhesion between the matrix and 
the fibres [39], so they do have a tendency to break into shorter ones. This fibre 
breakup will affect the mechanical strength, as was shown in the results, and 
confirmed by the morphological study. 
It has been shown that Tim strongly affects the mechanical properties of all 
samples, especially MFCs, as they lose their fibre morphology at the highest 
processing temperature. In terms of maximising the mechanical properties, 
these could be obtained by mitigating the immiscibility between PP and PET 
[14–16,19,38,41] or increasing the draw ratio [39,41] (which was deliberately 
kept low within the current work). 
It was, however, not the purpose of this chapter to maximise mechanical 
properties but to investigate the separate effect of Tim on morphology and other 
properties. A combination of these insights with the aforementioned known 
strategies to increase mechanical properties would potentially create a 
synergistic optimisation effect. 
In this aspect, it is very important to maintain a high adhesion between the 
two polymer constituents as well as a high aspect ratio for the reinforcement 
[30] to achieve superior mechanical properties. This could be achieved beside 
by means of good control of injection moulding temperature and other settings 
during processing by, for example, adding a compatibilizer [16,19,38,41,44], 
forming chemical interactions [1,45], and by the transcrystallinity 
phenomenon [1,30,46,47], as well as controlling the settings during the cold 




The influence of the injection moulding temperature on morphology and 
mechanical properties of IMBs and MFCs based on PP and PET (w/w 70/30)  
was studied.  
SEM microscopy confirmed the immiscibility of PP and PET in all 
samples, as well as the existence of highly oriented PET microfibres after cold 
drawing. Moreover, after injection moulding at low Tim the MFC structure 
with oriented fibres preserved its original morphology. At the highest Tim, PET 
fibres were re-melted and a new morphology was obtained, much like the 
corresponding one to the IMB samples. The phenomenon of coalescence was 





and fibres was significantly higher, which indicates that the PET component 
was effectively re-melted. 
The crystallisation temperature of PP component in PP/PET IMBs and 
MFCs was shifted to higher temperatures around 120 ºC, as PP crystals 
became imperfect due to the presence of PET. The crystallinity degree in the 
MFC was found to be higher than in both neat PP and IMB, as the PET fibres 
act as nucleating agents inducing the transcrystallisation of PP, thus it 
dominates the constraining effect.  
The mechanical tests have confirmed that the morphology and properties 
are significantly affected by the processing temperature. The flexural modulus 
and strength of the IMBs and MFCs were found to be superior to those of neat 
PP. MFCs have shown a greater impact strength in relation to IMBs, which 
confirms that PET fibres are a tough reinforcement for the weak PP/PET 
blend. Both IMB and MFC at elevated Tim (280 ºC) have shown inferior 
properties, since the materials have lost their original morphology and the PET 
component was re-melted, accompanied by coalescence. The rather limited 
improvement in mechanical properties of the MFC is attributed to the low 
draw ratio and low adhesion between the matrix and reinforcement.  
Finally, on the basis of these results, it can be concluded that the control 
of temperature during the processing of MFCs is of huge importance, in the 
same way that the other known factors, such as the size of the dispersed 
component, the draw ratio, and the adhesion between the matrix and 
reinforcement. Therefore, the upcoming experimental work, discussed in the 
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Development of Crystalline Morphology and Its 
Relationship with Mechanical Properties of 
PP/PET Microfibrillar Composites Containing 
POE and POE-g-MA 
This chapter encompasses the influence of non-functionalised 
elastomer and elastomer-based compatibilizer added either during 
extrusion or injection moulding. The focus of this chapter is on the 
resulting development of the crystalline morphology of the MFCs. The 
crystalline structure was studied in-depth by different microscopic 
techniques and small-angle light scattering was used to define the exact 
PP crystal size in composites. In addition, the relationship between 




In Chapter 5, the importance of the processing parameters during the 
production of MFCs has been pointed out, but besides these parameters, the 
composition of the starting mixture, the viscosity ratio and the compatibility of 
the components are equally important [1]. 
The research on polymer blends and polymer-polymer composites has also led 
to an increased interest in compatibilization. Numerous studies have been 
conducted on the compatibilization of blends, using different compatibilizers 
[2–6] and improving the dispersion of the second component. It was explained 
in Chapter 2 that the compatibilizer can be concentrated at the interface 
between two polymers during blending, thus preventing coalescence and 
resulting in smaller and finer dispersions as well as better adhesion between 
the polymer constituents [7–9]. 
On the other hand, it is also known that the MFC concept relies on the 
incompatibility between the matrix and dispersed component, and that the final 
mechanical properties depend on the aspect ratio of the reinforcement and the 
interfacial adhesion between the matrix and reinforcement [10]. Various 
authors [10,11] have proposed that combining these two approaches, the MFC 
concept and compatibilization, could improve the properties of the final 
composites. According to Fakirov et al. [10], MFCs without compatibilizer can 





during blending and drawing. In cases with a compatibilizer, Friedrich et al. 
[12] found a decrease in the tensile modulus and strength for PP/PET in situ 
compatibilized MFCs. They attributed this reduction to the shorter microfibres 
caused by the use of a compatibilizer, which covers the PET particles during 
melt blending and prevents their coalescence during drawing. This change in 
morphology can be seen in Figure 6.1. Fakirov et al. [11] reported in one of 
their studies that a compatibilizer affects the length of the fibres depending 
on in which step of the processing sequence it is added. They have suggested, 
therefore, adding a compatibilizer to the drawn blend, in the final processing 
step, during the injection or compression moulding rather than in the blending 
stage. At this final stage, the compatibilizer should facilitate the distribution of 
the fibres, improve the interfacial adhesion between matrix and fibres, and 
enhance mechanical properties without reducing the aspect ratio of the fibres. 
However, there are no experimental results to support this theory. To fill this 
gap, the present study investigates the effect of adding a compatibilizer during 
both extrusion and injection moulding. To this end, we have selected both a 
non-functionalised elastomer and an elastomer-based compatibilizer, as a 
difference in migration to the interface and reactivity is expected. 
 
Figure 6.1. Morphology of microfibrillar blends (MFB) during cold drawing with and 
without compatibilizer added during extrusion [10]. 
 
To reveal the origin of ductile or brittle behaviour, researchers typically 
focus on the influence of crystallinity and crystalline structure of the 
composites. Embrittlement is known to be the result of the high crystallinity of 
semicrystalline polymers, but the size and perfection of the spherulites also 
play an important role in this behaviour [13,14]. In the case of semicrystalline 
polymers and their composites, different processing conditions can affect the 
crystalline structure, such as the perfection of crystallites, spherulite growth 
and orientation of the lamellae [15]. The process of making MFCs may cause 
changes in the crystalline morphology of the matrix. The fibres could act as 
heterogeneous nucleating agents for the matrix, in which these nuclei can 
induce the crystal growth in the lateral direction [15–17]. 
To shed more light on this, the aim of this study is to examine the 
relationships between the development of the microstructure, the crystallinity 
and the mechanical properties of the PP/PET MFCs. A POE and POE-g-MA 





moulding, and we will investigate how this affects the crystalline morphology 
and mechanical properties.  
This research study will provide better insight into the morphological and 
crystallinity development of MFCs during processing. An alternative approach 
will be suggested to achieve good mechanical properties for the MFCs. 
 
6.2. Microstructural and Crystalline Development of 
MFCs  
6.2.1. Phase Morphology 
 
POM was found to be a simple method to distinguish the changes in 
crystalline structure, such as the growth of crystals and their orientation [18]. 
Micrographs of neat PP sample are presented in Figures 6.2. As can be seen, 
the micrographs show a clear spherulitic structure (Figure 6.2a) of PP, and due 
to the injection moulding process a typical “skin–core” structure (Figure 6.2b) 
can be discerned [14].  
 
 
Figure 6.2. POM micrographs of neat PP sample in transferred direction to the injection 
flow a) PP spherulites in the core region; b) Skin-core structure of the PP sample. 
 
The average PP crystal size, measured quantitively by SALS, was found to 
be 22 µm (Table 6.1). 
The dispersion and distribution of the PET fibres was examined on 
different scales of magnification using both POM (Figure 6.3, left column) 




















Figure 6.3a represents a micrograph of a non-compatibilized MFC sample. 
Various dark regions can be found along the analysed sample, which are in fact 
clusters of PET fibres. As the matching SEM picture (Figure 6.3a’) confirms, 
the dispersion and distribution of the PET component is not very adequate. It 
is known that during drawing the coalescence effect causes the formation of 
very long microfibres. However, as they have high aspect ratios, they may 
break during the injection moulding under high shear rate and may therefore 
stick together, thus forming fibre clusters. Although it is difficult to determine 
the length of the PET microfibres, they are assumed to be quite long, with an 
average diameter of 0.60 µm (Table 6.1).  
Similarly, the microscopic images of the MFCPOEext and MFCPOEim samples 
are depicted in Figures 6.3b and 6.3d, respectively. Both POM and SEM 
micrographs again show a non-uniform distribution of the microfibres and 
some fibre bundles along the analysed sample surfaces. Table 6.1 indicates 
that the fibre diameter of MFCPOEext  was higher than in other samples (i.e. 0.80 
µm, compared to 0.70 µm for MFCPOEim). In MFCPOEim, the long fibres made 
during the cold drawing were preserved during injection moulding. It is quite 
clear that the non-functionalised elastomer will not have a significant effect, 
whether it is added during extrusion or injection moulding, because it will only 
act as a third component due to non-existent functional group. 
On the other hand, MFCPOEgMAext displays morphologies with both good 
dispersion and distribution of the PET microfibres (Figures 6.3c and 6.3c’). 
The microfibres appear much shorter compared to the other samples and the 
average fibre diameter was found to be lower (0.50 µm). 
In this case, the addition of compatibilizer first prevents coalescence during 
blending, thus reducing the starting diameter of the PET spheres and therefore 
also the length and diameter of PET fibres in the MFC [11]. The morphology 
of the MFCPOEgMAim sample is presented in Figure 6.3e. 




PP 22 ± 0.8 - 
MFC 8.9 ± 0.4 0.6 ± 0.2 
MFCPOEext 5.5 ± 0.7 0.8 ± 0.3 
MFCPOEgMAext 4.2 ± 0.3 0.5 ± 0.1 
MFCPOEim 7.2 ± 0.4 0.7 ± 0.3 






Figure 6.3. Microstructures of MFCs samples obtained via POM (left) along the flow 
direction: a) MFC; b) MFCPOEext; c) MFCPOEgMAext; d) MFCPOEim; e) MFCPOEgMAim. 





(PP partially etched after 1.5 hrs in hot xylene); b’) MFCPOEext (PP partially etched after 1.5 
hrs in hot xylene); c’) MFCPOEgMAext (PP partially etched after 3 hrs in hot xylene); d’) 
MFCPOEim (PP partially etched after 3 hrs in hot xylene); e’) MFCPOEgMAim (PP partially 
etched after 3 hrs in hot xylene). 
 
Although this sample shows a morphology with poorly distributed fibres, 
the fibres appear to be quite long, with an average diameter of 0.60 µm. It was 
expected to preserve the long microfibres made during cold drawing, as the 
compatibilizer was added during the injection moulding step. Fakirov et al. 
[11] stated that, if that was the case, the high aspect ratio of the fibres would 
not be reduced. However, their distribution is not as effective as expected. This 
could be due to the PET fibres being in a solid state during injection moulding, 
which hinders both the migration of POE-g-MA to the interface and the 
reactivity of the MA group towards the hydroxyl end-groups. 
 
6.2.2. Crystalline Morphologies 
 
Additional high-magnification SEM experiments were carried out to 
investigate the location of the additives and the influence of the PET fibres, 
elastomer, and compatibilizer on the PP crystalline structure. Although SEM 
is not the preferred method to visualise the spherulitic structure, we could 
observe some crystalline structures under high magnifications. The average 
spherulite size was measured with SALS (Appendix E, Figure E1), and the 
resulting diameters are listed in Table 6.1. It can be noted that PP spherulite 
size is drastically lowered in all MFCs compared to the neat PP sample, making 
the detection via SEM more difficult. However, in Figure 6.4, showing high 
magnification micrographs, the spherulites’ structure can be detected around 
the hole of the etched PET fibre in the MFC sample (Figure 6.4a). The average 
spherulite diameter in the MFC was found to be 9 µm, which is roughly 60 % 
lower than the crystal size in neat PP. This would indicate that α-crystals are 
present in the composite. In addition to this, XRD measurements have 
confirmed the presence of PP α-spherulites in all samples, as the planes (110), 
(040), (130), (111) and (041) were observed at 2θ = 14.1º, 17.1º, 18.6º, 21.3º 
and 22º, respectively (Appendix E, Figure E2). These are the typical reflections 







Figure 6.4. SEM micrographs of cryogenically fractured surface under liquid nitrogen of 
the injection moulded samples (amorphous phase was etched): a) MFC (spherulite around 
fibre hole); b) MFCPOEext (randomly oriented lamellae); c) MFCPOEgMAext (non-reacted 
compatibilizer particles dispersed into matrix); d) MFCPOEim (elastomer located at the 
interface); e) MFCPOEim (spherulite orientation around the fibre hole); and f) MFCPOEgMAim 
(compatibilizer particles located at the interface). 
 
Furthermore, the samples MFCPOEext and MFCPOEgMAext show the lowest 
spherulitic diameters of 5.5 µm and 4.2 µm, respectively, while MFCPOEim and 
MFCPOEgMAim exhibit diameters of 7.2 µm and 7.6 µm, respectively. 
MFCPOEgMAext (Figure 6.4c) possesses well dispersed and distributed PET 
fibres which will have a strong nucleating effect on the PP matrix, regardless 
of whether they are covered or not by the compatibilizer. The functionalised 
elastomer will be more prone to migrate towards the interface than the non-





Figure 6.4f (MFCPOEgMAim), which indicate the difference in location of the 
elastomer versus the compatibilizer. 
Besides POE-g-MA at the interface, non-reacted compatibilizer particles 
were found in the PP matrix as well (Figures 6.4c and 6.4f). As there is always 
some amount of the compatibilizer that will not react with PET during melt 
blending, this amount is dispersed through the matrix and between the 
microfibres. These isolated POE-g-MA particles may also act as nucleation 
sites for PP [21] which explains why the nucleating effect is the most 
pronounced and the lowest PP crystal size is achieved. Additionally, in 
MFCPOEim, a spherulitic orientation is observed around the fibre hole (Figure 
6.4e), which confirms the nucleating effect of PET. 
As far as the SEM observations are concerned, it is challenging to discuss 
the orientation of the lamellae. It seems that the random orientation of lamellae 
exists in the sample MFCPOEext represented in Figure 6.4b. Moreover, as 
Friedrich et al. [22] explained, the organisation of lamellae depends on how 
close the crystallites are to the surface of the microfibre. Far away from the 
fibre, in the bulk polymer, the lamellae are randomly dispersed with no 
preferred direction of orientation, which could confirm our previous statement. 
However, various research studies [17,22,23] conducted within the same or 
similar compositions (PP/PET, LDPE/PET) have shown the lamellae 
orientation in a normal direction to the fibre.  
 
6.2.3. Crystallinity Development 
 
To study the melting and crystallisation behaviour of the composites, the 
samples were analysed via differential scanning calorimetry (DSC). Table 6.2 
lists the Tm, Tc, Tconset and Tcendset, and the χc. These results are considered along 
those already presented in Table 6.1 (i.e. the PP spherulitic sizes and the PET 
fibre diameters). Statistically, there is a significant difference between the Tm 
of neat PP and all MFC-based materials, which in turn do not significantly 
differ from one another. Due to relatively high variations, there are no 
significant differences in χc between all reported materials. Apparent 
differences in means will be discussed, however. All materials show a single 
melting peak of PP, thus confirming the continued presence of α-crystalline 
modification, as detected via XRD. 
The average Tc of neat PP is found at 118.8 ºC but in pure MFC, MFCPOEext 
and MFCPOEim, it is increased and amounts to approximately 123 ºC. As has 
already been observed in the study of crystalline morphology, long PET 
microfibres will act as nucleating agents for the PP matrix. This potentially 





numerous [17,24,25]. In this case, the presence of long microfibres in MFC 
enables the crystallisation to start roughly 5 °C earlier than in neat PP. The 
total crystalline fraction is unaffected here, but indeed spherulites’ sizes are 
severely reduced, from around 22 µm to around 9 µm.   
 
Table 6.2. Thermal properties of PP, MFC, MFCPOEext, MFCPOEgMAext, MFCPOEim, 
MFCPOEgMAim during heating and cooling. 
 
A similar trend can be observed in MFCPOEext and MFCPOEim concerning 
the Tconset , indicating that the nucleating function of the PET fibres remains 
uninhibited. As POE contains no structural elements that could interact with 
PET, it is considered to be dispersed within the PP matrix, thus not affecting 
the PET fibre shape or the PP-PET interface. However, there is a noticeable 
effect on the crystallinity of the PP matrix. It is well known that POE-type 
polymers will act as a nucleating agent for the α-crystals of PP [21,26,27]. 
Moreover, Danesi et al. [28] demonstrated many years ago that a secondary 
POE component will be finely and uniformly dispersed if the viscosity of the 
POE is significantly lower than that of the PP matrix, as is the case here. This 
was confirmed in the SEM images above, which show fine droplets of POE 
(Figure 6.4d). Since MFCPOEext benefits from already having POE present in 
a twin screw compounding step, it stands to reason that the dispersion of the 
elastomer will be markedly better for MFCPOEext than for MFCPOEim. It is this 
increased dispersion of the elastomer throughout the matrix that is responsible 
for the smaller crystallite sizes of PP for MFCPOEim. Average crystallinity 
appears to be higher for both POE materials, compared to binary MFC. This is 
not only due to the nucleating effect of the dispersed elastomer but as 
postulated by Martuscelli et al. [27], POE might also selectively extract from 
the PP more defective polymer chains into its amorphous phase, thus leaving 
a more stereo-regular PP behind, increasing crystallinity. 
Next, the composites with compatibilizer will be considered; for 
MFCPOEgMAext crystallisation is once more shifted to the level of neat PP. Tconset 
and Tcendset were observed for all samples. For MFCPOEgMAext, PP crystallisation 
started later at 121.5 ºC and finished at 109.3 ºC, which implies that it also 













PP 171.5 ± 0.2 118.8 ± 0.1 122.5 ± 1.2 108.1 ±1.4 47.1 ± 0.8 
MFC 170.2 ± 0.8 122.8 ± 0.7 127.2 ± 0.2 112.8 ± 0.4 47.4 ± 2.2 
MFCPOEext 170.1 ± 0.4 123.1 ± 0.6 127.1 ± 0.2 113.2 ± 0.1 48.4 ± 0.5 
MFCPOEgMAext 170.1 ± 0.4 118.1 ± 0.6 121.5 ± 0.2 109.3 ± 0.9 50.0 ± 1.9 
MFCPOEim 169.3 ± 0.9 122.9 ± 0.4 127.1 ± 0.2 113.2 ± 0.3 51.7 ± 2.9 





material, while overall crystallinity remains in the higher levels. It is our 
understanding that, given the affinity of the MA group to PET groups (reaction 
between MA and OH-group available in Appendix E, Figure E3), the 
compatibilizer at least partially migrates towards the PP-PET interface during 
the compounding (EXT) step and there reacts with the PET. This has several 
effects: (i) during MFC production, coalescence of PET is inhibited, leading to 
shorter fibres (as was shown in SEM micrograph, Figure 6.3c), and (ii) the 
compatibilizer will, to some degree, cover the PET fibres with regard to the PP 
matrix, thus inhibiting the nucleating effect of PET for the PP matrix. 
Nucleation resulting in a high χc still occurs via the compatibilizer, but this will 
not affect the crystallisation onset of PP as the PET fibres did: PET fibres are 
already in solid state at the moment of potential PP nucleation, whereas the 
POE backbone is mostly amorphous and the small amount of crystallisation 
that could occur, does so at much lower temperatures. This was confirmed in 
DSC analysis of the POE and POE-g-MA component (Appendix E, Figure E3). 
Some of the POE-g-MA is assumed to be dispersed throughout the matrix as 
well, given the high χc and the very homogeneous structures observed in POM 
(Figure 6.4c).  
In the case of MFCPOEgMAim, the same significant decrease in Tc 
(compared to the MFC and POE materials) was noticed, indicating that some 
of the compatibilizer does migrate to the PP-PET interface, even when added 
during injection moulding. It is remarkable that injection moulding 
temperatures are much lower than compounding temperatures. The PET is in 
solid state, which hinders both the migration of POE-g-MA to the interface and 
lowers the reactivity of the MA groups towards the hydroxyl end-groups. PET 
fibres remain relatively long, as there is no compatibilizer yet to inhibit their 
coalescence during drawing. 
It was observed in the morphology study (Figure 6.4f) that the 
compatibilizer was located in both the matrix and at the interface. As a result, 
here as well, the POE backbones can provide matrix-wide nucleation of the 
PP. However, as with the difference between MFCPOEext and MFCPOEim, the 
dispersion of POE-g-MA is less efficient when the compounding step is 
missing, leading to spherulites’ sizes of the same order as MFCPOEim. Logically, 









6.3. Mechanical properties of MFCs 
6.3.1. Tensile Behaviour 
 
The tensile modulus and yield strength of the composites are given in 
Figure 6.5. Strain-at-break εb and strain-at-yield εy are reported in Table 6.3. 
The bar charts indicate that MFC obtains a relatively high modulus. This could 
be explained by the extensive load-bearing capacity of the long PET fibres.  
 
Figure 6.5. Tensile properties of MFC composites a) Tensile modulus; b) Yield strength at 
zero slope. 
 
The interfacial area between the microfibres and matrix is large enough and 
some interfacial contact is assumed to exist, even without the presence of a 
compatibilizer. During the elongation, the matrix is expected to exert pressure 
on the fibres, thus producing a high frictional force and preventing the 
composite from deforming. This results in constrained cavitation formation 





εb. Among all other composites containing POE and POE-g-MA added during 
extrusion or injection moulding, no significant differences are found for the 
modulus values. These composites all obtain a lower stiffness due to the 
presence of the elastomer or the compatibilizer, both presenting a soft 
backbone. 
Table 6.3.  Strain at break of the composites. 
 
A significant increase was found in the yield strength of MFCPOEgMAext 
compared to non-compatibilized MFC, MFCPOEext, MFCPOEim and 
MFCPOEgMAim (p=0.000). The reason for this lies in the lower interfacial tension 
between the POE-g-MA and PET achieved during extrusion, which enhances 
the interfacial adhesion of PP and PET in the final composite. Figure 6.6b 
represents a tensile fracture model which can be applied to a compatibilized 
composite such as MFCPOEgMAext. In this model, stress transfer between matrix 
and fibre is excellent: both strain together while the PET fibres do most of the 
load bearing, until they finally fail together. Such deformation behaviour is 
only possible with great adhesion between the components, which in this case 
is demonstrated by the high εy and εb values. 
 
Figure 6.6. Tensile fracture model: a) Case MFC; b) MFCPOEgMAext; c) Case MFCPOEext, 
MFCPOEim or MFCPOEgMAim. 
 
As a result, while neat MFC – being the only composite not containing 
some elastomer fraction – obtains the highest stiffness, MFCPOEgMAext surpasses 
Samples Strain at yield 
[%] 
Strain at break 
[%] 
MFC 3.74 ± 0.9 5.29 ± 0.90 
MFCPOEext 6.84 ± 0.2 10.7 ± 1.70 
MFCPOEgMAext 11.9 ± 0.3 190 ± 162 
MFCPOEim 6.52 ± 1.1 9.70 ± 2.30 





it in terms of strength and strain behaviour due to the presence of the 
compatibilizer, even if the aspect ratio of the PET fibres is reduced and the 
composite contains an elastomeric component. This corroborates previous 
experimental results for in situ compatibilized MFC investigated by Yi et al. 
[1].  
It can also be noted that the yield strength for MFCPOEext, MFCPOEim and 
MFCPOEgMAim is lower due to the elastomeric chains in the POE backbone, as 
mentioned earlier. No differences were found between MFCPOEext and 
MFCPOEim (p=0.772), while there were significant differences when 
MFCPOEgMAim was compared to MFCPOEext (p=0.003) and MFCPOEim (p=0.017). 
The somewhat higher yield stress for MFCPOEgMAim can be attributed to a 
limited interaction between the POE-g-MA and PET, as proposed in Section 
6.2.3. 
G’Sell et al. [30] explained that several mechanisms could contribute to the 
general deformation of an MFC sample including elastomers under tension: 
interface decohesion, cavitation at the PP/PET interface, and the cavitation in 
isolated POE-g-MA particles. These are summarised in the fracture model for 
the MFCs made with MFCPOEext, MFCPOEim or MFCPOEgMAim, as shown in 
Figure 6.6c. 
In these composites, mostly isolated POE or POE-g-MA particles were 
found during the morphological study. As observed earlier, non-functionalised 
POE cannot react with PET and thus a three-component microstructure was 
created. The same effect was largely present in MFCPOEgMAim. Under tensile 
test, the strain rate is low and when critical stress is reached, the elastomer 
particles takes the shape of fibres. With further stretching, the elastomer fibres 
continuously transfer stress to the matrix and they become elongated when 
their yield strength is exceeded. Elastomer fibre structures will be preserved 
during the whole fracture process [31]. In all three cases, during continuous 
stretching, there is a substantial risk of decohesion to appear at the interface 
between PET and PP, between the POE particles and PP matrix as well as 
cavitation in isolated POE particle [30]. Strain levels are improved by the 
addition of the elastomer, but effective decohesion between the PP matrix and 
PET fibres is expected, given the much larger εy and εb demonstrated by 
MFCPOEgMAext. 
G’Sell et al. [30] reported that in the case of decohesion of the matrix from 
a nodule or cavitation in the elastomer particle (Figure 6.6c) by stretching the 
matrix, large voids can occur on the poles of the elastomer. These voids play a 
significant role at the end of deformation because their presence leads a 






6.3.2. Impact Behaviour 
 
Numerous studies have explored how a high fracture toughness may be 
achieved, for example by using intrinsically tough matrices or elastomer 
modified, or by incorporating different fibres as reinforcements [10,16,30,32–
35]. Similarly, the impact behaviour of semicrystalline polymers has been 
studied extensively, as well as how this may be improved [13,34,36–39]. 
Comparing the toughness of the composites (Figure 6.7a), we observed 
that the MFCPOEgMAext presented the highest value of impact energy. This could 
be explained by the fact that there is high interfacial adhesion between the 
fibres and matrix in MFCPOEgMAext, as polar carboxyl groups of MA grafted 
onto POE backbone improve the adhesion with the PET component (reaction 
of compatibilization available in Appendix E, Figure E3). In addition to the 
interfacial adhesion between the oriented PET fibres and the PP matrix, as has 
been mentioned earlier, both the size and amount of PP crystallites play an 
important role in determining impact strength. The PP spherulites become 
more imperfect and smaller due to the presence of PET fibres, which may 
increase toughness [36]. As mentioned earlier, the spherulite size in 




Figure 6.7. a) Comparison of impact strength of MFCs; b) Impact fracture model of MFC. 
 
Although the fibres formed in this MFC are shorter, they have a higher 
resistance by better dissipation of the impact energy. It is known that the 
elastomer component could initiate crazes thus contributing to the absorption 
of the impact energy to block the crack propagation [40]. As was reported by 





crystalline morphology, incorporating a discrete elastomeric component or by 
adding fibres as reinforcements to polymer matrices.  
Figure 6.7b represents the impact fracture model of the MFC and shows that 
the crazing mechanism is in fact present. Crazing is one of the preferential 
deformation mechanisms which may prevent further development of the craze 
into a crack along the impact direction [40]. In a composite with good fibre 
dispersion and distribution, the crack will propagate along the impact direction, 
but it will also deflect for an angle from the impact direction. The fibres may 
induce a crack deflection perpendicular to the impact direction and transmit 
the stress to the matrix. This will make the matrix participate more actively in 
the stress transfer, which in turn will increase the absorbed energy. 
Compared to pure MFC, the composites MFCPOEext, MFCPOEim and 
MFCPOEgMAim show a slight but still significant increase in impact energy. As 
was explained earlier, all these composites present a three-component 
morphology, where besides the PET fibres in the matrix, POE or POE-g-MA 
particles are also dispersed. The highest increase in impact strength was 
achieved in MFCPOEim, and compared with MFCPOEext (p=0.035) and 
MFCPOEgMAim (p=0.015), significant differences were found. The reason for 
this could be the existence of both spherical POE particles and long PET 
microfibres, which both have acted as nucleating sites for PP matrix and could 
more effectively include the matrix in absorbing the energy. As Wang et al. 
[40] have explained, if the composite contains spherical elastomer 
reinforcements, the material could be toughened only when the stress field 
around the elastomer particles overlap and go through the matrix. No 
significant differences could be observed between MFCPOEext and 
MFCPOEgMAim (p=0.533), but compared to pure MFC (p=0.03), significant 
differences can in fact be found. These differences may be the result from the 
third component (elastomer), as stress transfer is not continuous and the PET 
microfibres cannot reach higher levels of energy absorption due to their poor 
dispersion and distribution. 
 
6.3.3. Comparison to Non-Fibrillated Blends 
 
In the end, by adding the compatibilizer, we have seen that MFCPOEgMAext 
improved in terms of both yield and impact strength, as well as in strain at 
break compared to all MFCs. Unsurprisingly, this comes at a cost in terms of 
stiffness. Given that an increased stiffness is one of the largest gains achieved 
by producing MFCs rather than just using non-fibrillated blends, we found it 
necessary to hold our results against similar experiments for neat PP, the 





the subscript denominating the additive (added in the compounding step, 
EXT). These results are summarised in Table 6.4, together with the results of 
MFC and MFCPOEgMAext, which have been added for clarity. The highest value 
achieved is marked in bold.  
 
Table 6.4. Comparison of mechanical properties of IMBs and MFCs. 
 
None of the composites, including POE-based additives, achieve the high 
modulus of neat MFC. Both IMBPOEext and MFCPOEgMAext manage to maintain 
a modulus of around 1600 MPa, which is close to that of the neat IMB. 
However, only MFCPOEgMAext shows an additional large increase in impact 
strength and strain levels, as well as a small improvement in yield strength. 
IMBPOEgMAext did reach the impact strength of MFCPOEgMAext, but it shows an 
unacceptable decrease in stiffness. 
The sample MFCPOEgMAext shows that also short fibres may act as good 
reinforcement for the PP matrix and that at least equal importance should be 
given to the stress transfer possibilities between matrix and fibre, which in this 
case is effectively facilitated by the compatibilizer POE-g-MA.  
MFCPOEgMAext is considered the best formulation for the manufacture of a PP-




According to the hypothesis that Fakirov et al. [11] postulated, this chapter 
investigated the influence of elastomer-based additives added during both the 
melt blending and injection moulding steps for PP/PET MFCs. It was expected 
that the compatibilizer added during injection moulding should facilitate the 
distribution of the fibres and improve the interfacial adhesion between the 
fibres and matrix without reducing the length of the microfibres. However, 
from the presented results, it could be observed that it does not significantly 
influence the distribution of the fibres and properties.  
Microscopic studies showed the formation of a three-component 













PP 1.45 ± 0.2 1.47 ± 0.1 17.30 ± 1.2 > 500 
IMB 2.06 ± 0.4 1.72 ± 0.1 24.80 ± 0.4 4.8 ± 0.50 
IMBPOEext 3.04 ± 0.5 1.58 ± 0.1 27.59 ± 0.7 10.4 ± 2.60 
IMBPOEgMAext 6.55 ± 1.9 1.21 ± 0.1 29.54 ± 0.1 10.5 ± 4.80 
MFCPOEgMAext 6.87 ± 0.7 1.60 ± 0.1 32.43 ± 0.4 190 ± 162 





MFCPOEim). Although the elastomer did not react with the PET, it has induced 
a toughening effect to a certain level in those MFCs. It was explained that both 
the elastomer particles and the PET fibres may act as nucleating agents for the 
PP matrix, enabling the matrix to absorb impact energy more effectively. 
Shorter fibres were obtained in the sample MFCPOEgMAext, due to the 
addition of the compatibilizer during extrusion, which prevented a coalescence 
of the PET particles. DSC analysis, along with SALS measurements of 
spherulites’ sizes, showed that both POE and PET fibres are good nucleators 
for PP, in which only PET induced to a shift in Tc.  
The mechanical results have confirmed that the microstructure and 
properties are significantly affected by adding the elastomer and the 
compatibilizer in different processing steps. The MFCPOEgMAext showed an 
increase for both tensile and impact strength, compared to non-compatibilized 
MFC, although the aspect ratio of the PET fibres was reduced. A significant 
increase in the strain at break was noted too, as the compatibilizer added during 
extrusion caused a better interfacial adhesion between PP and PET in the final 
MFC.  
It has been demonstrated that MFCPOEgMAext shows better all-round 
mechanical properties compared to both IMBs and the other MFCs. The PET 
short fibres can act as excellent reinforcement for the PP matrix, when they 
are produced with an addition of elastomer-based compatibilizer during 
extrusion.  
The main objective of this study was to evaluate the potential of adding the 
compatibilizer only during the isotropization step, as suggested by Fakirov et 
al. Considering all experimental results, it can be concluded that, while 
postponing the compatibilizer addition does conserve the long fibres, it does 
not create the best mechanical properties for a compatibilized PP-PET MFC. 
Mixing in the compatibilizer prior to drawing step does achieve this, despite 
the reduction in fibre length. Therefore, the presented study is in contrast with 
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Thermoforming of Extruded MFC Sheets as 
a Novel Processing Method 
Chapter 7 presents the MFC concept as a novel processing method for 
making trays for eventual packaging applications. It describes the use 
of extrusion and thermoforming instead of injection moulding as the 
final isotropization step of the MFC preparation. This processing 




It is well known that the most used processing methods for the  
isotropization step in the production of MFCs are compression and injection 
moulding. It was mentioned in Chapter 2 that the production method affects 
the morphology of the blend, and consequently, it may define the final 
application of the composite. Additionally, the orientation of the fibres plays 
an important role in defining the application, and it is again dependent on the 
type of processing. While in CM, the fibres may be aligned in the drawing 
direction, in IM, the fibre orientation will be affected by the presence of shear 
stresses. Moreover, it is noteworthy no studies reported  the use of extrusion 
and thermoforming as the final isotropization step. Processing of MFCs by 
extrusion would perhaps, affect the level of fibre orientation and distribution, 
as well as their aspect ratio which might be higher than in MFCs obtained via 
injection moulding. This type of processing might open new applications such 
as extruded products or packaging trays.  
It was shown in several studies [1–4] that the presence of a fibrillar 
structure may reduce gas permeability. Shields et al. [1,3] explained the 
importance of the reinforcement’s shape, as well as its aspect ratio on the 
barrier properties. Additionally, the influence of elastomer-based 
compatibilizers on the improvement of tensile yield strength and strain at 
break was pointed out in Chapter 6. During the thermoforming process, the 
composite is exposed to extensive stretching; hence, deformability at 
relatively low temperatures is important. Here in this study, we mainly 







Thermoforming involves several stages of production:  
i) sheet extrusion, heating of the sheet, 
ii) forming the product by stretching the sheet, 
iii) cooling, 
iv) de-moulding, 
v) trimming.  
For the sheet extrusion, in most cases, flat slit dies and chill rolls are used, 
which enable obtaining a thin sheet through a thin wide slit. The most 
important goal here is to obtain an uniform sheet thickness. During the second 
stage, the produced sheet is heated to obtain a deformable sheet above the 
glass transition but below the melting point. Typically infrared heaters are 
used, as these provide a fast response, and the heater wavelength can match 
the optimal region of infrared absorption of the polymer [5]. During the actual 
thermoforming, the polymer sheet is stretched into a mould or cavity to form 
the desired shape. This type of stretching involves biaxial orientation [6,7]. 
The processing parameters such as the temperature and drawability may 
influence the ability of the sheet to be successfully thermoformed. However, 
there is no single material parameter that predicts the thermoformability of the 
material. 
Morris et al. [6] pointed out the most important polymers’ properties which 
may affect the thermoforming process. In the case of semicrystalline polymers 
which are considered to have quite a narrow processing window dependent on 
the crystalline plateau and the crystalline morphology is of crucial importance. 
It was mentioned that smaller crystal sizes may improve the 
thermoformability of the semicrystalline polymers. The presence of small 
crystals may improve the clarity of the sheet by scattering less light than the 
larger ones. Besides, they may also improve the balance of mechanical 
properties during forming at elevated temperatures. Furthermore, it was 
mentioned that the addition of nucleating agents or elastomeric component 
can make composites to deform more uniformly with the applied stress. 
It is known that elastomer-based fillers may act as nucleators for 
semicrystalline polymers [8,9], reducing the crystal size, but increasing the 
crystallinity which will contribute to increased modulus and strength, resulting 
in higher sag resistance and dimensional stability of the final formed part. 
Further, with an increase in temperature during thermoforming, it is 
considered that modulus will decrease, while the elongations at break will 
increase. Forming a shape will benefit from this behaviour of flattening the 
stress-strain curve with an increase in temperature. Thus, lower yield stresses 






In general, measuring the material properties prior to its thermoforming 
might be difficult since thermoforming involves nonlinear biaxial deformation 
of the sheet at elevated temperatures. Therefore, each sheet should be tested 
in multi-directions at elevated temperatures. 
It has been shown in previous chapters that the PET microfibrillar structure 
as well as the elastomer-based additives have an excellent nucleating ability 
for the PP matrix. This ability induced the formation of smaller PP spherulite 
size compared to neat PP and PP/PET blends. In addition to changes in the PP 
crystalline structure, a significant improvement in the elongation at break of 
the MFCs containing elastomeric compatibilizers was noticed too, which 
could be favourable for the thermoformability of the MFCs, although the 
elongation at break was measured on injection moulded MFCs. Thus, in this 
chapter, the mechanical properties will be checked on extruded MFC sheets. 
The goal of this chapter is to produce MFCs into sheets via extrusion 
and convert them into thermoformed trays. This would be a novel 
application for making MFCs via thermoforming which would give a new 
insight within the field of MFCs, and it could eventually be a possible 
application for multi-layered packaging waste, enabling completely closed-
loop recycling. 
 
7.2. Additional Experimental Methods 
7.2.1. Preparation of sheetMFC and TFMFCs 
 
The samples were prepared in a wt % ratio of 80/20 PP/PET, and as a 
compatibilizer, POE-g-MA was added in 6 wt %, while the same PP/PET ratio 
was maintained.  
 





The preparation of the MFCs (Figure 7.1) was conducted via twin-screw 
extrusion (step 1), (for preparation see Chapter 3). The received cooled 
extrudate was cold drawn at DR8 (step 2). Consequently, blends were shredded 
and extruded again in a conical twin-screw extruder (MAS24) with a coat-
hanger die into sheets with dimensions 150 mm x 1 mm (step 3). 
The conical twin-screw extruder was set at temperatures of 170, 190, 200, 
and 210 °C (hopper – die) and a screw speed of 70 rpm. We have chosen to re-
process the MFC sheets via twin-screw instead of single-screw extruder since 
the mixing is more effective and the agglomeration of the PET fibres can be 
prevented, resulting in more uniform distribution of the microfibres within the 
PP matrix. The obtained sheets were cooled down by passing between cast 
rolls at a temperature of 60 °C. The MFC sheets were heated by a 
Formech508FS machine (step 4) for 65-75 seconds until a temperature of 135 
°C before being thermoformed into round trays with a diameter of 55 mm and 
10 mm height (Figure 7.2). For the reference sample, a blend sheet without 
compatibilizer was made by excluding the cold drawing step (step 2). 
 
 
Figure 7.2. a) Mould used during processing and b) thermoformed part. 
During the thermoforming of the sheets, no particular issues were observed, 
except at the beginning of the process. The thermoforming machine used in 
this study does not possess heaters for the mould. Therefore, the mould seemed 
to be too cold during forming the first samples, and warpage at the surface of 
the sample was noticed. However, after several formations, the mould was 
heated up due to contact with the hot sheets, and the final products were made 
without problems. 
 
7.2.2. Characterisation of MFC Sheets 
 
Further on, the samples were characterised after step 3 (Figure 7.1), the 
isotropization step, in the form of sheets. SALS was used to determine the PP 





(sheetMFC and sheetMFCPOEgMA) was studied by SEM and POM. The samples’ 
surfaces were analysed in longitudinal (flow) direction (see Chapter 3 for the 
explanation of sample preparation for SEM and SALS). 
Raman spectroscopy was used as an additional technique to confirm the 
dispersion and distribution of the PET fibres in the samples. Raman spectra 
were obtained on a Horiba LabRAM HR Evolution confocal microscope  using 
a laser with excitation of 785 nm. Objective lens (×100) were used to focus the 
laser onto the sample. Scanned Raman red maps 40×35 µm were obtained with 
a step size of 1 µm and analysed using the LabSpec 6 software. 
The tensile bars (ASTM D412T.C) were die cut from the sheets with 
dimensions 115 mm × 6 mm ×1 mm and a gauge length of 33 mm. They were 
tested on an Instron 5565 tensile device according to standard ASTM D638. 
 
7.3. Morphology of MFC Sheets 
7.3.1. Microstructural Development of MFC Sheets 
 
Figure 7.3 presents SEM micrographs of the sheetBlend at the centre and 
edge of the extrudate, along the flow direction. As can be seen, sheetBlend shows 
a non-uniform dispersion and distribution of the PET particles with an average 
diameter of 2.3 µm. It may be noticed that the coalescence phenomenon is 
present (white circles in Figure 7.3a) in the centre of the sheets, while at the 
edges of the sheet (Figure 7.3b), the presence of stretched PET particles can 
be detected. 
 
Figure 7.3. Microstructures of the sheetBlend obtained via SEM along the flow direction at 
different magnifications: a) analysed in the centre of sheet, b) at the edges of sheet. 
It has been mentioned in Chapter 2 that the die geometry can affect the shape 
of the dispersed component. Depending on the type of the die and its 
dimensions, as well as of the viscosity of the blend, spherical or elongated 
particles may be formed [10–12]. It has been also explained that the blends 
with lower-λ could obtain an elongated or laminar structure of the dispersed 





complex viscosities achieved for the PP and PET at 260 ºC [13] (see graph in 
Appendix F, Figure F1). Even though the PET component is in the solid state, 
the processing happened above its Tg, thus due to PET relaxation, the drawing 
of the PET might take a place. Further on, the speed of the cast rolls was set at 
the minimum speed of rotation; however, when the polymer melt came out of 
the die, stretching at the edges was visible by the eye. It is known that in the 
solid sheet, the velocity remains equal everywhere, while in the die, the 
velocity at the walls is considered to be zero [14]. However, some elongational 
force can be expected on the sides of the sheets due to an increment of shear 
stresses at the walls, which might increase the velocity and reach the uniform 
velocity field in the solid sheet. Thus, the main reason for observing the 
stretched PET particles only at the edges of the sheet lies in the shear stresses 
which are considered to be maximum at the walls of the die, and minimum at 
the centre of the flowing polymer [15]. 
 
Figure 7.4. Microstructures of the samples obtained via SEM along the flow direction at 
different magnifications: a), a’) sheetMFC (in the centre); b) sheetMFCPOEgMA (in the  centre), 
b’) sheetMFCPOEgMA (analysed at higher magnification, in the centre of the sheet). 
In the sheetMFC sample, PET microfibres were detected with quite high 
aspect ratios (Figure 7.4a and 7.4a’) in the centre of the sample, combined 
with a high level of orientation. The average measured diameter was found to 
be 0.7 µm. However, some fibre clusters were found along the analysed 
sheetMFC sample pointing to the non-uniform dispersion and distribution as 





7.6), discussed later in this chapter. The reason for the formation of the clusters 
might be the relaxation of PET fibres that takes place during the second 
extrusion process at elevated temperatures (210 ºC). Similar observations were 
noticed in injection moulded MFCs (Chapter 6, Figure 6.3). It is known that 
above its Tg (80 ºC) PET fibres will become softer, which may contribute to a 
certain level of breakup; hence, fibres may stick together, forming clusters 
during the isotropization step. Twin-screw extrusion is generally used for 
compouding of the blends, increasing the uniformity of the composition and 
reducing the size of the dispersed component. However, from the SEM 
micrograph, still, it can be considered that beside the fibre clusters, PET fibres 
are uniformly present in the sheetMFC. 
Further on, by observing the sheetMFCPOEgMA images, it can be noticed that 
the fibres are much shorter in this sample (Figure 7.4b and 7.4b’) than in the 
non-compatibilized MFC. Moreover, the average fibre diameter decreased to 
0.4 µm and a relatively uniform fibre dispersion and distribution appears to be 
present. In Chapter 6, the influence of the POE-g-MA on fibre size was 
highlighted. POE-g-MA during the melt blending step interacts with both  PET 
and PP, making the blend more uniform and reducing the starting size of the 
PET component and in this manner affecting the final aspect ratio of the PET 
microfibres. 
 
Figure 7.5. Red maps of the sheet samples obtained via Raman spectroscopy: a) sheetBlend, 
b) sheetMFC, c) sheetMFCPOEgMA. Matrix PP is represented in black, and PET is the red 
component. d) Raman spectra of PP, PET and MFC sheets (see enlarged graphs in Appendix 
F). 
Moreover, the red maps obtained via Raman spectroscopy, shown in Figure 
7.5, confirm the dispersion of the second component in the matrix. Colours of 





Raman bands (Figure 7.5d), thus the colour black represents the PP, while the 
colour red characterises the PET component. In Figures 7.5a and 7.5b, the 
PET clusters along the analysed samples surface can be noticed, while in the 
sample sheetMFCPOEgMA a relatively uniform dispersion can be seen. It should 
be taken into account that these maps were made by analysing small surfaces 
of the specimens, 40×35 µm, in the centre of the sample, but it is considered 
that similar morphology may be found along the whole sample’s surface.  
 
7.3.2. Crystalline Morphology of MFC Sheets  
 
It has been shown in the previous chapters that the crystalline morphology 
plays a crucial role in the relationship between the structure and properties. 
The average diameters of the PP spherulites, as well as the average sizes of the 
PET particles and fibres in the sheets are listed in Table 7.1.  
 







MFCPOEgMA shows the lowest spherulite size when compared to the blend and 
the MFC. The reason for that lies in the well dispersed and distributed PET 
fibres which display a strong nucleating effect on the PP matrix. In Chapter 6, 
it was explained that besides the influence of the PET microfibres on the 
matrix, the nucleating effect may arise from isolated compatibilizer particles 
too, as there is always a certain amount of compatibilizer that does not react 
with the PET. It should be mentioned that using extrusion instead of injection 
moulding as the final isotropization step did not affect the PP spherulite size in 
composites. If compared to injection moulded MFCs presented earlier in the 
manuscript (see Chapter 6, Table 6.1.), there were no significant differences 
found between the spherulite sizes. This means that the spherulite size of PP is 
not dependent on the type of processing, nor the cooling type and temperature, 
but only on the presence of the PET microfibres. 
 






sheetBlend 10.4 ± 1.0 2.3 ± 0.6 
sheetMFC 8.3 ± 0.9 0.7 ± 0.2 






Figure 7.6. POM micrographs of the sheets: a) sheetBlend; b) sheetMFC; c) sheetMFCPOEgMA. 
 
In Figure 7.6, POM micrographs of the sheetBlend, sheetMFC and 
sheetMFCPOEgMA are shown, however, spherulites cannot be detected due to their  
small sizes. Still, as already shown by Raman, these POM micrographs 
confirm the non-uniform dispersion of the PET component (Figure 7.6a,b), as 
well as the presence of PET bundles (see the white circles in the micrographs) 
across the analysed surface in the samples sheetBlend and sheetMFC. However, 
the sample sheetMFCPOEgMA (Figure 7.6c) shows uniform distribution and 
dispersion of PET microfibres in the PP matrix. Similar effect of the addition 
of POE-g-MA in the MFCs was shown in Chapter 6. 
 
7.4. Tensile Properties of MFC Sheets 
 
The tensile modulus, tensile yield strength, and strain at break of the sheets 
were determined and the results are listed in Table 7.2. The sheetBlend has a 
stiffness value at the same level as sheetMFC, which is probably due to the 
presence of the PET elongated particles at the edges of the sample (see Figure 
7.3b). Despite this high modulus, however, the elongated particles did not 
affect the yield strength of the sheetBlend. The stress transfer in the blend is not 
effective enough due to a reduced superficial contact area between the particles 
and the matrix causing a decrease in the yield strength, as well as in the strain 
at break. The difference between the reinforcing effect of the spherical 
particles and long fibres was explained in Chapter 2 (see Figure 2.9). 
 






at Zero Slope 
Strain at Break 
[%] 
 [MPa] 
sheetBlend 2.1 ± 0.1 26.9 ± 0.2 11.4 ± 1.2 
sheetMFC 2.2 ± 0.1 30.3 ± 1.2 14.5 ± 3.8 





The larger interfacial area which exists at the fibre-matrix interface compared 
to droplet morphology may contribute to a better stress transfer, compared to 
the case of the particle-matrix interface. On the one hand, in sheetBlend, the 
cavities may appear at the interface between the spheres and the matrix upon 
elongation due to lack of interaction caused by lower interfacial contact. On 
the other hand, in the sheetMFC, the cavitation formation will be reduced and 
composite can reach higher stress levels which will contribute to increased 
modulus and strength. 
Furthermore, sheetMFCPOEgMA shows a lower stiffness due to the presence of 
the compatibilizer containing an elastomeric (soft) backbone and the reduction 
in PET fibre size. In addition to a reduced stiffness, sheetMFCPOEgMA also shows 
a higher yield strength in comparison to the other two samples. The reason lies 
in an improved adhesion between the two components caused by the presence 
of POE-g-MA. Both the PP and PET components uniformly stretch during the 
tensile test reaching higher stress values. Moreover, sheetMFCPOEgMA shows a 
higher strain at break, which confirms that the stress transfer between the fibres 
and the matrix is considerably improved. 
 
7.5. Thermoform Experiments 
 
As shown from the results above, an improvement in the mechanical 
properties of the MFC samples compared to the blend was noticed, 
particularly in the yield strength and the strain at break for the sample 
sheetMFCPOEgMA which could mean a better thermoformability. Although it was 
mentioned in the introduction of this Chapter that the material should achieve 
lower values of yield stress for better formability, it should be taken into 
account that these values were obtained at room temperature. It is considered 
that during thermoforming at elevated temperatures, the yield stress decreases, 
and strain at break increases.  
 





In Figure 7.7, thermoformed parts are shown for the samples sheetMFC and 
sheetMFCPOEgMA. As can be seen from the images, TFMFCPOEgMA shows a 
smooth and uniform surface, while the TFMFC sample shows a rougher surface. 
Moreover, during the thermoforming process it was noticed that the sheetMFC 
sample would break due to its higher brittleness.  
It can be noticed that the thermoformed details around the moulded part of 
the TFMFCPOEgMA are more pronounced (Figure 7.7b’) than in the TFMFC 
sample (Figures 7.7a’). The sample sheetMFCPOEgMA has shown a higher ability 
to stretch during the thermoforming process. In addition to that, smaller 
spherulite sizes were present in this sample, which probably contributed to 
minimising sheet sagging during its heating, thus the sheetMFC sample obtained 
a better shape at the edges. In this sample, POE-g-MA acts as an additional 
nucleating agent besides the PET fibres affecting the crystallisation behaviour 
of the PP matrix. Thus, it could shorten the cycle time and reduce the warpage 
of the sheet, which results in optimised dimensions and better aesthetics. 
 
 
Figure 7.8. Morphology of the thermoformed samples: a, b) Raman red maps of TFMFC; c) 
SEM micrograph of TFMFC (along the flow direction), d, e) Raman red maps of 
TFMFCPOEgMA, f) SEM micrograph of the TFMFCPOEgMA (along the flow direction). 
  
Further on, the thermoformed samples were analysed by Raman 
spectroscopy and SEM (Figure 7.8) at different locations (at the centre and 
edge, shown in Figure 7.7) of the thermoformed tray. From the observations, 
it can be concluded that both PP and PET experienced some stretching during 
the thermoforming process. It is interesting to notice that the Raman results 





(Figure 7.8b). From the microscopic study shown above, the non-uniform 
dispersion of the PET fibres was proven. Therefore, it is possible that at the 
certain places along the MFC sheet, PET bundles were present, which would 
at this small analysed surface look like the major component. However, while 





This chapter was dedicated to using sheet extrusion and thermoforming as 
a novel method for the isotropization step during MFC production. 
Microstructural analysis has confirmed the presence of PET microfibres in 
the MFC sheet samples, as well as an improved dispersion and distribution in 
the sheetMFCPOEgMA sample. PET microfibres showed a high level of orientation 
within the PP matrix in sheetMFC. SALS measurements showed small PP 
spherulite sizes in all samples, whose values did not distinguish from the values 
found for the injection moulded samples, confirming the theory of 
heterogeneous nucleation of PP promoted by PET fibres. 
The mechanical results showed a significant increase in the yield strength 
and in the strain at break for the sample sheetMFCPOEgMA, as the compatibilizer 
promoted interfacial adhesion between PP and PET components. Based on 
these findings, the MFC sheet samples were successfully moulded into trays 
via thermoforming. sheetMFCPOEgMA was moulded without big issues into trays 
due to its higher stretchability; therefore, a smoother surface was achieved for 
this sample. 
In the future, an optimisation of the thermoforming process would be 
necessary. The influence of processing temperature and different time 
exposures of the materials, as well as the mould design should be studied. 
Beside the processing parameters, taking into consideration food contact 
regulations is of equal importance when targeting food-contact applications 
from recycled mixtures. Moreover, investigation of the gas permeability of the 
trays and its relation to the deformation of PET fibres during thermoforming 
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Feasibility of Using the MFC Concept to Upcycle 
Recycled Polymers 
Chapter 8 presents the MFC concept as an alternative processing 
technique to upcycle recycled materials. This chapter explores this 
concept for three different commonly available polymeric waste 
streams. After a brief introduction, the recycled materials and 
additional methods are explained in detail. Results are discussed 




Polymer products are an integral part of our modern life, and this leads to 
a tremendous increase in the consumption of plastics. This brings along major 
challenges in how to solve issues concerning plastic waste disposal, and as 
such lowering its total impact on the environment [1–3]. Packaging materials 
typically have very short lifetimes and create a huge amount of plastic waste 
at their end-of-life. It is well known that recycling of plastic waste can reduce 
the necessary virgin resources, reducing the energy in production, and by that 
minimise the overall impact on the environment over the life cycle of the 
product; in general, it is the most favourable option at the end-of-life of plastics 
[4]. Therefore, recycling as an expanding field has captured the attention of the 
industry [5]. 
There are several methods of plastic waste valorisation: energy recovery 
(incineration), feedstock recycling (including pyrolysis, hydrogenation, 
gasification), chemical (de-polymerisation), and mechanical recycling [6]. 
The most common way for plastics recycling is the mechanical recycling 
[1] which is mostly performed on single-polymer plastics, e.g. PE, PP, PET, 
PS, but it can be used for mixed polyolefins (MPO) too. The mechanical 
recycling process consists of several steps: collection, sorting, washing, 
grinding, (Figure 8.1), and re-processing into new recycled products [1,7]. 
This way of collecting and preparing the plastic waste stream is essential for 
the production of high quality, clean and homogenous end-products. By 
mechanical recycling of plastic waste, the average CO2 emissions can be 
reduced by 30 % (1.4 t CO2/t plastics) when compared to manufacturing new 





to 2018, the quantity of post-consumer plastic waste collected in Europe for 
recycling has increased by 92 %. A collection of 29.1 million tonnes of plastic 
post-consumer waste in 2018 (EU28+NO/CH) has been reported, out of which 
32.5 % were recycled both in and outside the EU, 42.6 % used for energy 
recovery, and 24.9 % landfilled [9]. In the action plan [10] reported by the EU 
Commission 2015, it was mentioned that 65 % of all packaging waste is 
expected to be recycled by 2025, and 75 % by 2030, including a recycling 
target of 55 % for plastics packaging put on the market.  
 
Figure 8.1. Scheme of the basic principal steps in a mechanical recycling process [11]. 
The largest amount (50 %) of the plastics market in Europe consists of the 
polyolefins out of which 19.3 % is PP, 17.5 % LDPE and LLDPE, and 12.2 % 
HDPE and MDPE. They are for example being used in food packaging 
applications. Besides the PO,  also 7.7 % of PET is used for the production of 
bottles and food trays [9]. These large amounts of produced plastics also lead 
to huge amounts of post-consumer waste, increasing year by year. Still, 
mechanical recyclers face some issues due to the presence of the heterogeneity 
of plastic waste and their thermo-mechanical degradation. 
The biggest issue for recyclers is related to the immiscibility of the 
polymer constituents and the interfacial separation in heterogeneous plastic 
waste, as well as the contamination by additives and fillers of the polymer 
mixture. In general, for the recycling industry, the separation of the polymer 
mixtures might be challenging. Hence, at the latest stop of mechanical 
recycling, re-processing of contaminated mixtures can result in low 
mechanical properties due to the immiscibility of the polymer constituents 
[12]. This is especially the case for blends of polar (like PET) with non-polar 






However, for these types of mixed waste plastics, the immiscibility of the 
polymer components could potentially be mitigated by applying the MFC 
concept, which actually requires the different polymers to be incompatible. 
Some research studies have already been performed on recycled blends. 
Evstatiev et al. [13] showed that the MFC concept can be used for upcycling 
of recycled PET (RPET) bottles achieving quite impressive results. They 
reinforced neat LDPE by RPET, and a tremendous increase in modulus, yield 
strength, as well as in impact strength was noticed when compared to neat 
LDPE. Furthermore, several experimental works have been done on MFCs 
made from recycled HDPE (RHDPE) and RPET [3,4,12]. Lei et al. [3] 
successfully processed MFC from RHDPE and RPET with the addition of 
different compatibilizers and reported a significant increase in toughness for 
MFC with 5 wt % of E-GMA. Jiang et al. [12] reported a study on the effect 
of UV exposure on properties of the MFC HDPE/PET. They found that both 
HDPE and PET components have suffered photo-degradation to some extent; 
however, the mechanical and thermal properties of the photo-degraded 
polymers have been improved by applying in situ MFC processing. It was 
interesting to notice that with a higher exposure time to UV, the yield strength 
increased. In another study, Jiang et al. [14] have even investigated the 
recyclability of the MFCs and detected an increment in tensile strength with 
the number of re-processing. Although the tested matrices are limited, it is 
evident that the MFC concept could be employed for the upcycling of recycled 
polymeric materials. 
Hence, the main target of this work is to upcycle recycled materials by 
applying the MFC concept. With the application of the MFC concept to 
polymer waste stream, the properties of the recycled blends might improve 
[2–4,12,14,15]. Additionally, it has been shown in Chapter 6 that MFCs may 
benefit of addition of compatibilizers, and achieve excellent improvement in 
impact and yield strength. Thus, by combining both approaches – the MFC 
concept and compatibilization for upcycling of polymer waste could bring a 
new type of recycled fibre-reinforced composites, although the experiments 
presented in this chapter are preliminary. 
 
8.2. Selection of Recycled Materials 
 
For this investigation, three different recycled material inputs were 
selected: bilayer PP/PET film, MPO, and talc-filled PP. The dominant 
polymers used in the multilayer food packaging industry are PP, LDPE, 
HDPE, and PET (Figure 8.2), thus compositions like PP/PET, PP/PE, and 





many other combinations, for example with EVA and PA, may be found as 
well. In general, the multilayer films are made to combine the best barrier 
properties of each individual layer. In Chapter 2 (Section 2.3.3), different 
barrier properties of the polymers were pointed out. For example, PP is 
considered to have good heat resistance, but PET has even better stability to 
heat; therefore, combining both PP and PET could generate a material adequate 
for the microwaveable packaging [17].  
 
Figure 8.2. Fields of application of plastic materials and polymer types predominately 
used in packaging [16]. 
Quite often, between the different polymer layers, adhesive layers might 
be present. At this moment, no industrial solution is available for a highly 
efficient separation of these multilayers. This results in complex compositions 
posing a huge challenge for the recyclability of the films. 
 
Figure 8.3. Schematic overview of the introduced recycling methods of multilayer 





Regardless of the issues, researchers look towards new methods to recycle 
food packaging waste. Several methods are described in the literature, such as 
delamination processes, the separation of the different components by 
dissolution–reprecipitation, or combined processing with additives (without 
separation of the multilayer components) (Figure 8.3) [16]. 
Under the combined processing option, the re-processing of the mixture is 
considered without separation of the components, either with or without 
compatibilizer. Besides blending, drawing of the MFC from the immiscible 
multilayer blend could be added to this section of combined processing, as the 
immiscibility is one of the most important requirements for the MFC concept. 
Although the presence of the adhesives between the polymer layers might 
affect the re-processing, as well as the presence of inks or other contaminants, 
the successful production of MFCs out of multilayers packaging residues 
could be one step forward within the recycling field. 
Next, MPO is a major component of polymeric waste fraction since the 
polyolefins typically float in a float-sink installation and as such, are 
frequently re-processed as a recycled blend into the new products (e.g. garden 
furniture enclosures, livestock stable panels or boards for terraces) [18,19]. 
However, since MPO consists of PPs and PEs, which are considered to be 
compatible but only partially miscible [20], their blends tend to separate at the 
interface. Therefore, these blends may achieve very limited mechanical 
properties, such as reduced ductility, due to the immiscibility of the 
components. Reinforcing the MPO matrix by PET microfibres could yield 
recycled composites with improved properties.  
Further on, the production of electrical and electronic equipment (EEE) is 
one of the fastest-growing global manufacturing activities, even exceeding 
that of the car manufacturers; this large quantity of products is accompanied 
with substantial growth in the waste from electrical and electronic equipment 
(WEEE) [21–24]. WEEE mainly consists of ferrous and non-ferrous metals, 
glass and plastics. The average plastics content is about 30 %, and it mainly 
composes of ABS (30 %) and HIPS (25 %), which are the major components, 
followed by PC (10 %), PC/ABS blend (9 %) and PP (8 %) [22,25]. Even 
though all these polymers can be separated into mono-streams and recycled 
into new products [22], the question is – how high the purity of these streams 
is? Several challenges such as the variability in the material composition and 
presence of organic and inorganic fillers [23], as well as the degradation which 
might occur during the lifetime [22]. Therefore, the loss of quality will be 
inevitable. PP filled with talc is one of the composites frequently found in 
WEEE. As PP cannot be separated from talc, this material has to be re-





fibres may increase mechanical properties such as modulus [26–28], however, 
some research studies have also shown negative effects on the impact and 
tensile strength [29]. Although these studies are done with commercial fibres, 
it is worth trying to apply the MFC concept to reinforce such a matrix 
with PET microfibres and study the effect of the  presence of talc in the 
MFCs. 
 
8.3. Additional Methods 
8.3.1. Materials 
 
The selected matrices for the MFC preparation were a recycled bilayer 
PP/PET film, a recycled MPO and a recycled PP filled with talc. In Table 8.1 
materials and their abbreviations used in this Chapter are listed. 
 





The first recycled material used in this study was a PP/PET bilayer film 
with a weight ratio of 80/20 supplied by Packas, a trading company specialised 
in multilayer barrier films for food packaging. The weight ratio of the film is 
determined from the thicknesses of the individual layers, 50 µm PP and 12 µm 
PET. The film was shredded and dried for 15 h at 80 °C and 2 h at 120 °C 
before processing. Due to the non-homogenous nature and low bulk density, 
this mixture needed an additional compounding step via a conical twin-screw 
extruder (MAS24). Therefore, the recycled PP/PET film was re-processed into 
a blend (RFPP/PET blend, RF – abbrev. recycled film) at a set of temperatures 
of 160 – 200 – 220 – 230 °C. The screw speed was set at 70 rpm. To avoid the 
degradation of the PET, only the PP component was re-melted. The extrudate 
was obtained as a filament and consequently granulated into pellets for further 
MFC processing. 
The second recycled matrix, MPO (RMPO), was prepared by dry-mixing 
two types of recycled materials PP pellets (Dipolen PP with MFR  5 g/10 min, 
230 °C/2.16 kg) and wt% 50/50 PP/PE pellets (Dipolen S with MFR 10 g/10 
min, 230 °C/2.16 kg) to obtain a weight ratio of 80/20 PP/PE in the MPO 
matrix.  
The third matrix, PP filled with 20 wt% talc (RPPtalc) (MFR 7.5-10 g/10 
min, 240 °C/5.0 kg), was used as received from the supplier (MBA Polymers). 
Material  Abbreviation 
Recycled film RF 
Recycled MPO RMPO 





Datasheets are available in Appendix G. As reinforcement, the virgin PET 
used in other chapters was remained (data available in Chapter 3 and 
Appendix B). 
Besides the recycled materials and virgin PET pellets, the compatibilizer 
POE-g-MA was used in this study too, however, only compatibilized MFCs 
are discussed in this chapter. PET and shredded RFPP/PET blend were dried 
as usual before processing, while RPPtalc was dried for 2 h at 60 °C. 
 
8.3.2. Preparation of Recycled MFCs 
 
The preparation of the recycled blends was conducted via the described 
twin-screw extrusion procedure (Chapter 3, Section 3.2.1). However, the 
barrel temperature set was slightly changed. The temperatures at the last three 
zones were reduced due to viscosity issues during the processing of RFPP/PET 
blend, thus the set of temperatures 205 – 245 – 250 – 250 – 255 – 255 – 245 
– 245 - 245 °C was maintained for all samples. The extrudate was obtained as 
a sheet with dimensions of 30 mm × 1.3 mm and drawn at DR8. Afterwards, 
the blends were shredded and dried before the injection moulding (injection 
moulding was done the same way as described in Chapter 3). In Table 8.2 the 
acronyms and compositions of the samples are listed.  
 
Table 8.2. Acronyms and compositions of recycled IMBs and MFCs. 
* IMB- injection moulding blend, MFC-microfibrillar composite. 
 
8.3.3. Characterisation of Recycled MFCs 
 
The melt flow rate (MFR) of the MAS-extruded RFPP/PET blend was 
measured according to ISO1133 at a temperature of 230 °C and a load of 2.16 
Acronyms Samples  Matrix type PET POEgMA 
 [wt%] [wt%] [wt%] 
RFIMB IMB  RFPP/PET PP  80.0 20.0 - 
RFMFC MFC RFPP/PET PP  80.0 20.0 - 
RFMFCPOEgMA MFC RFPP/PET/POEgMA PP  75.2 18.8 6 
RMPO IMB  RMPO (80PP/20PE) MPO  100 - - 
RMPOIMB IMB  RMPO/PET MPO  80.0 20.0 - 
RMPOMFC MFC RMPO/PET MPO  80.0 20.0 - 
RMPOMFCPOEgMA MFC RMPO/PET/POEgMA MPO  75.2 18.8 6 
RPPtalc IMB  RPPtalc PPtalc  100 - - 
RPPtalcIMB IMB  RPPtalc/PET PPtalc  80.0 20.0 - 
RPPtalcMFC MFC RPPtalc/PET PPtalc  80.0 20.0 - 





kg (Davenport MFI 10). For comparison, virgin PP and PET were measured 
at 230 °C and 280 °C, respectively (Table 8.3).  
 






The morphology and thermal behaviour of the samples were studied by 
SEM and DSC, respectively, while the mechanical characterisation was 
performed by tensile and impact testing (described in Chapter 3). All samples 
were characterised after the third processing step (injection moulding). 
 
8.4. Microstructural Study  
8.4.1. Morphology Development of RFIMBs and RFMFCs 
 
The morphology of the recycled samples was studied by SEM. Figure 8.4 
represents micrographs of the microstructures obtained for RFIMB  and RFMFC 
prepared from the MAS-extruded RFPP/PET blend. 
 
 
Figure 8.4. SEM micrographs of freeze-fracture surfaces under liquid nitrogen of a) RFIMB 
and b) RFMFC (chemically etched). 
From the micrograph 8.4a, coalesced PET particles with a quite high average 
diameter (8.4 µm, Table 8.4) can be observed, as well as their poor distribution 
within the matrix. The reason for that might lie in the high MFR (43 g/10 min, 
280 ºC) of the RFPP/PET blend. During the processing of RFPP/PET blend via 
twin-screw extrusion, a low viscosity molten material was observed at the exit 
of the die. 
 
Sample MFR 
[g/10 min]  
Virgin PP 8.80 
Virgin PET 24.8 

















It is known that the apparent viscosity of a pseudoplastic blend is dependent 
on the shear rate, thus with increasing the shear rate, the viscosity will decrease. 
To avoid up to some extent the additional decrease in viscosity, the temperature 
set was slightly changed as explained in the experimental section. Achieving 
an optimal viscosity is of huge importance for the further drawing of the 
blends. 
Further on, micrograph 8.4b shows the RFMFC microstructure, presenting 
relatively uniform PET fibres with an average diameter of 3.0 µm. This 
diameter is relatively high when compared to the average diameters reported 
for the virgin MFC containing the same composition ratio (0.6 µm) in Chapter 
6 (Section 6.2.1). Due to the low viscosity of the RFPP/PET blend, the formation 




Figure 8.5. SEM micrographs of chemically etched freeze-fracture surfaces under liquid 
nitrogen of RFMFCPOEgMA. 
In a recent study by Yi et al. [30] the influence of viscosity ratio in PP/PET 
MFCs was reported. They explained that the finer microfibrillar morphology 
is more likely to form in a matrix with lower MFR. Although the λ is not known 




RFIMB 8.4 ± 2.9 - 
RFMFC - 3.0 ± 0.1 
RFMFCPOEgMA - 0.9 ± 0.2 
RMPOIMB 1.8 ± 0.5 - 
RMPOMFC - 1.5 ± 0.2 
RMPOMFCPOEgMA - 0.8 ± 0.1 
RPPtalcIMB 1.9 ± 0.9  
RPPtalcMFC - 0.7 ± 0.1 





for RFMFC, conclusions can be drawn only according to the MFR value. Thus, 
it could be assumed that the higher MFR of this recycled blend contributes to 
the wider particle size distribution and favours the coarser fibrillar 
morphology. 
Furthermore, in the case of RFMFCPOEgMA, the average fibre diameter 
drastically decreased to 0.9 µm, and it seems that fibres with high aspect ratio 
are present (Figure 8.5a). Compared to the virgin MFCPOEgMAext sample 
reported in Chapter 6 (see Section 6.2.1, Figure 6.3c’), the fibres appear to be 
longer. However, the presence of large cavities can be noted in Figure 8.5b 
around the fibres, which could be either an indication for lower adhesion along 
the sample or dissolved PP matrix. 
 
8.4.2. Morphology Development of RMPOIMBs and RMPOMFCs 
 
A second series of recycled samples was prepared using RMPO as a matrix. 
Figure 8.6 shows the morphologies of recycled RMPO and RMPOIMB. RMPO 
shows uniform dispersion and distribution of RPE particles in the RPP matrix 
(micrograph 8.6a).  
 
 
Figure 8.6. SEM micrographs of freeze-fracture surfaces under liquid nitrogen of a) RMPO 
and b) RMPOIMB. 
RMPO is considered as a binary blend composed of the PE and the PP (DSC 
analysis confirmed, thermograms available in Appendix G, Figure G3), 
although it is difficult to detect if only one type of RPE is present in RPP. In the 
Figure 8.6b, the morphology of RMPOIMB can be observed. Both RPE and PET 







Figure 8.7. SEM micrographs of chemically etched freeze-fracture surfaces under liquid 
nitrogen of a, a’) RMPOMFC and b, b’) RMPOMFCPOEgMA.  
Chemically etched samples of RMPOMFC and RMPOMFCPOEgMA are 
represented in Figure 8.7. RMPOMFC shows well distributed PET fibres within 
RMPO matrix with an average diameter of 1.5 µm, while in the 
RMPOMFCPOEgMA sample the diameter has halved to 0.8 µm. In this sample, it 
seems that high aspect ratio fibres are present (Figure 8.7b’). As the RMPO 
has a higher viscosity than the PET component, it is assumed that a higher 
degree of deformation of PET is present, increasing the level of coalescence 
during drawing and resulting in higher aspect ratio fibres in both RMPOMFC and 
RMPOMFCPOEgMA [31]. Similar findings were found in other literature [30,32]. 
Both Yi et al. [30] and Zhao et al. [32] reported that a finer fibrillar morphology 
may be achieved in matrices with low MFR. 
Overall, understanding how the viscosity ratio influences the fibre 
formation is of crucial importance for achieving an optimal morphology [33–
35].  
 
8.4.3. Morphology Development of RPPtalcIMBs and RPPtalcMFCs 
 
The morphology of IMBs and MFCs prepared with the talc-filled PP are 
shown in Figure 8.8 and Figure 8.9. From the micrograph presented in Figure 





amount of HDPE particles with average diameters of 0.4 µm is present in 
matrix.  
 
Figure 8.8. SEM micrographs of freeze-fracture surfaces under liquid nitrogen of a) RPPtalc 
and b) RPPtalcIMB. 
According to the datasheet provided by the supplier, it is considered that 
this PP contains a maximum of 10 wt% of HDPE, thus it is obvious to detect 
it under the microscope as a minor dispersed component. 
 
Figure 8.9. SEM micrographs of chemically etched freeze-fracture surfaces under liquid 
nitrogen of a) RPPtalcMFC and b), c), c’) RPPtalcMFCPOEgMA. 
 
In RPPtalcIMB, the average diameter of the PET particles was found to be 2 





xylene into the PP component was noticed, when compared to other MFC 
samples, which resulted in partially dissolved PP (Figure 8.9c, c’), even after 
several hours of extraction. Probably, the presence of talc plates made the 
diffusion more difficult, as the talc starts to decompose and lose its hydroxyl-
groups above 900 ºC [36], while the boiling point of m-xylene is 139 ºC. Thus, 
at this temperature, it would be difficult to affect the structure of talc.  
Even though the matrix was not completely removed, the PET 
microfibrillar structure is present in both RPPtalcMFC and RPPtalcMFCPOEgMA, 
showing long and thin fibres (Figure 8.9a,b). The average diameter was found 
to be 0.7 µm and 1.0 µm for RPPtalcMFC and RPPtalcMFCPOEgMA, respectively. 
As shown above, it is possible to create fibrillar PET structures within the 
recycled matrices; however, it is believed that the main factor for forming a 
uniform and fine fibrillar morphology is the viscosity ratio of the matrix and 
the reinforcement.  
 
8.5. Thermal Properties 
8.5.1. Crystallisation Behaviour of RFIMBs and RFMFCs 
 
It has already been shown in previous chapters (Chapter 4, 5, and 6) that 
the crystallisation behaviour of virgin matrices can be affected by the PET 
component; hence, similar behaviour is expected to happen within the IMBs 
and MFCs from recycled materials. In Table 8.5, the thermal properties of the 
composites prepared from the recycled film are listed (DSC graphs are 
available in Appendix F).  
 
Table 8.5. Thermal properties of the RFIMB, RFMFC and RFMFCPOEgMA. 
 
It can be seen that there is no significant difference in the Tm of the samples, 
while crystallinity increased in RFMFC and RFMFCPOEgMA when compared to 
RFIMB. It is obvious as the PET fibres have a significant nucleating effect on 
the PP matrix, particularly in RFMFCPOEgMA due to the presence of POE-g-MA 
compatibilizer, which was also noticed for the virgin samples (Chapter 6, 
Section 6.2.3). In this sample, it is most likely that POE-g-MA isolated 
particles have an additional nucleating effect, which has contributed to the 
increased crystallinity. Moreover, the Tc in RFMFCPOEgMA shifted back to the 
Sample χcPP TmPP TcPP 
 [%] [ ºC ] [ºC] 
RFIMB 32.3 ± 0.3 166.0 ± 0.5 116.0 ± 1.3 
RFMFC 43.8 ± 3.2 167.0 ± 0.4 121.2 ± 0.8 





level of RFIMB (see onset and endset Tc in Appendix G, Figure G2). Due to 
the presence of the compatibilizer, the coalescence of PET particles was 
constrained which has led to shorter PET fibres. Thus, the onset crystallisation 
is not affected in the same way as by long PET fibres. In Chapter 6 (Section 
6.2.3), the effect of POE-g-MA was explained in detail. 
 
8.5.2. Crystallisation Behaviour of RMPOIMBs and RMPOMFCs 
 
Pellets used for the RMPO blend were analysed as references for the 
samples RMPOIMBs and RMPOMFCs. From the graph shown in Figure 8.10, it 
can be noticed that Tc of both RPP and RPP/PE were found at 124 and 123 ºC, 
respectively.  
 
Figure 8.10. DSC thermograms of MPO pellets: RPP and RPP/PE. 
A higher Tc for RPP/PE was expected, as it consists of 50 wt% PE and 50 
wt% PP; however, RPP showed its Tc at the same level, which is unusual for 
PP if compared to the virgin material. By analysing the DSC curve, a low 
melting peak indicating the presence of the PE component was detected. 
 
Table 8.6. Thermal properties of the RMPO, RMPOIMB and RMPOMFCs. 
 
Sample χcPP ΔHPE TmPP TcPP 
 [%] [J/g] [ºC] [ºC] 
RMPO 38.8 ± 0.4 22.9 ± 2.2 162.0 ± 0.1 124.5 ± 0.1 
RMPOIMB 37.9 ± 0.8 18.5 ± 0.7 165.8 ± 0.2 122.6 ± 0.2 
RMPOMFC 37.6 ± 1.1 19.3 ± 1.7 164.9 ± 0.7 122.4 ± 0.8 





Thus, the enhanced crystallisation of RPP comes from a certain amount of 
RPE, which could influence both RPP and RPP/PE crystallisation temperatures. 
Furthermore, the thermal properties of the recycled MPO materials are listed 
in Table 8.6. 
For the RPP component - χc, Tm and Tc are listed, while for the PE 
component, the ΔH is presented because the χc was not calculated as the exact 
percentage of RPE was not known; it is considered that between 10 and 15 
wt% of RPE is present in the composites. However, it can be noticed that ΔHPE 
decreases in blends and MFCs, which is an indication of a lower crystallinity 
(DSC curves may be found in Appendix G, Figures G3-G6). 
Statistically, there are no significant differences between the crystallinities 
of the samples. The reason might lie in the presence of the RPE component 
which could already act as a nucleating agent for RPP [37,38]. However, it 
may be noticed that Tm in RMPOIMB and both RMPOMFCs increased, while the 
Tc peak was found to be lower compared to the values reported for RMPO 
blend. This might be an indication of a reduction in RPP crystallites perfection 
[37].  
It can also be detected that the presence of POE-g-MA did not affect Tc of 
PP in RMPOMFCPOEgMA like it did in RFMFCPOEgMA. The reason for such 
behaviour could be supported by the morphological study. From the 
microscopic observations (Figure 8.7b, b’), fibres with high aspect ratio were 
detected, and as already known, they are strong nucleators for the matrix.  
 
8.5.3. Crystallisation Behaviour of RPPtalcIMBs and RPPtalcMFCs 
 
Table 8.7 shows the thermal properties of the PPtalc based blends and 
MFCs. Crystallinity did not change among the samples, as well as Tm, 
meaning that the addition of PET does not influence the thermal properties of 
RPPtalc. If compared to the values obtained for virgin PP, it can be noticed that 
the Tc of the PPtalc is already high (Tc=126 ºC), meaning that it is probably 
previously nucleated by the presence of talc and small amounts of PE (DSC 
thermograms available in Appendix G).  
 
Table 8.7. Thermal properties of RPPtalc, RPPtalcIMB and RPPtalcMFCs. 
Sample χcPP χcPE TmPP TcPP 
 [%] [%] [ ºC ] [ºC] 
RPPtalc 45.8 ± 1.1 13.4 ± 0.2 165.6 ± 1.8 125.8 ± 0.1 
RPPtalcIMB 47.9 ± 0.3 15.0 ± 2.6 167.1 ± 0.3 122.9 ± 0.5 
RPPtalcMFC 46.1 ± 0.7 13.3 ± 0.4 166.0 ± 0.3 123.7 ± 2.7 





Talc and other inorganic fillers are considered to be strong nucleators for 
the crystallisation of PP. By inducing the nucleation of PP, a transcrystalline 
structure normal to the filler surface is formed at the interface and high 
heterogeneous nucleation occurs at the surface filler/matrix [39–43]. Good 
options for studying transcrystallinity are TEM or WAXD analyses, which 
could give insights into the lamellae orientation.  
Furthermore, it is interesting to observe the crystallisation behaviour in 
RPPtalcIMB and RPPtalcMFCs. A similar effect like in RMPOIMB and RMPOMFCs 
was noticed – the addition of the PET component to the already talc-filled PP 
matrix postponed the crystallisation. The delayed crystallisation might be a 
reason for the less perfect PP crystals present due to two reinforcements that 
competitively act as nucleating agents. 
Despite the addition of POE-g-MA into RPPtalcMFC, Tc slightly decreased. 
Thus, there are two reasons – first due to the strong nucleating effect of the 
talc, which is blocking the usually noticeable effect of the POE-g-MA in 
compatibilized MFCs (Chapter 6); and due to long microfibres which 
contribute to heterogeneous nucleation of the matrix.  
In general, we could notice that the crystallisation behaviour is quite complex 
for these multi-material systems.  
 
8.6. Mechanical Behaviour 
8.6.1. Mechanical Properties of RFIMB and RFMFCs  
 
Mechanical behaviour plays a crucial role in defining the final application 
of the recycled materials. The main goal is to achieve higher toughness and 
stiffness of these MFCs by introducing PET fibres.  
 
Table 8.8. Mechanical properties of RFIMB, RFMFC and RFMFCPOEgMA 
 
The mechanical properties of RFIMB and RFMFCs are listed in Table 8.8. 
As can be seen, there is no significant difference between the values obtained 
for the impact strength, even though the values reported are already high for 











 [kJ/m2] [GPa] [MPa] [%] [%] 
RFIMB 4.1 ± 0.1 1.57 ± 0.06 22.5 ± 0.8 7.80 ± 0.2 38.3 ± 7.8 
RFMFC 4.6 ± 0.4 1.60 ± 0.11 28.2 ± 1.3 11.8 ± 3.1 20.3 ± 1.6 





MFCs (Chapters 5 and 6). However, the used PP and PET grades in both 
studies differ. 
Nevertheless, we have seen from the literature review and experimental 
results reported for the virgin MFCs that, in most of the cases, the microfibres 
will affect the crystallinity and spherulite size of the matrix, contributing to a 
higher toughness. Hence, the same trend was expected to occur within the 
recycled MFCs, as an increment in crystallinities of both RFMFC and 
RFMFCPOEgMA was detected. The size of PP spherulites was not measured in the 
recycled samples; however, we have assumed that there is a decrease in these 
sizes due to the presence of PET and POE-g-MA (Chapter 6, Section 6.2.1). 
Despite an achieved increase in crystallinity and relatively uniform fibre 
morphology, we see no particular improvement in RFMFC impact properties. 
Perhaps, the reason lies in the long fibres found for RFMFC. In Chapter 6 
(Section 6.3.2) was reported that short fibres are more effective in transmitting 
the stress to the matrix than long ones. Besides the impact strength, no 
improvement in tensile modulus was detected as well; the tensile strength, 
however, significantly increased. This increase in tensile strength can be an 
indication that some interfacial contact still exists at the fibre-matrix interface 
due to the large surface area of the PET fibres [44]. Also, strain at yield for this 
sample surprisingly achieved the highest value, which means that cavitation 
was constrained and both polymer constituents could strain together. 
Furthermore, the tensile modulus of RFMFCPOEgMA significantly decreased 
when compared to RFIMB and RFMFC. However, this decrease was expected 
due to the presence of the elastomeric backbone of the POE-g-MA (the same 
effect was noticed within the virgin MFCPOEgMA; see Chapter 6, Section 6.3.1). 
It is interesting that for the yield strength of RFMFCPOEgMA an increment of 20 
% was detected when compared to RFIMB. In spite of the slightly lower yield 
strength when compared to RFMFC, it can be assumed that the adhesion has 
been improved to a certain level due to presence of the compatibilizer; on the 
other hand, a reduction in yield strain and strain at the break would indicate the 
opposite. Therefore, the question arises – how effective POE-g-MA was in this 
mixture, as the toughness did not increase too much. 
From the micrograph in Figure 8.5b, some large cavities can be noticed, which 
is not common for compatibilized MFC if compared to the virgin ones. The 
addition of POE-g-MA was expected to improve the adhesion between PP and 
PET. However, in Chapter 6 (Section 6.3.2), it was mentioned that several 
mechanisms may occur during stretching; thus, decohesion at the interface PP-
PET and PP-compatibilizer, or cavitation of the isolated POE-g-MA particles, 
was probably pronounced, and the specimens could no longer withstand the 







8.6.2. Mechanical properties of RMPOIMB and RMPOMFCs   
 
RMPO samples show similar behaviour compared to samples made from 
the recycled film (Table 8.9). Although RMPO is already a recycled blend, 
quite a high impact strength was noted for this sample. On the one hand, it is 
not a surprising result for RMPOs, as PE is often added to PP to increase its 
toughness [37,38,45], thus the same effect will be present in the recycled 
mixtures too. On the other hand, it is disappointing to notice the decrease of 
impact strength for the RMPOIMB and RMPOMFC, contrary to the virgin samples, 
where an improvement was detected (Chapter 6, Section 6.3.2). This decrease 
might be dedicated to a complicated three-component morphology and 
immiscibility of the components present in this sample.  
 
Table 8.9. Mechanical properties of the RMPO, RMPOIMB, RMPOMFC and RMPOMFCPOEgMA. 
 
It was shown by the SEM image of RMPOMFC (Figure 8.7) that a relatively 
good dispersion of the PET fibres is present, thus it is unexpected to fail in the 
same way as RMPOIMB. In the RMPOMFC, both RPE particles and PET fibres 
should dissipate energy more actively to the matrix. However, a reduction in 
crystallinity was shown for both RMPOIMB and RMPOMFC. This could be linked 
to the reduction in impact strength, as the toughness would increase with an 
increase in χc [46].  
Contrary to RMPOIMB and RMPOMFC, the impact strength of 
RMPOMFCPOEgMA shows an increase of 11 % in comparison to RMPO, which is 
not significant if we consider that both PET and POE-g-MA were added to the 
matrix. Although in RMPOMFCPOEgMA a toughening effect is detected, no 
increment was noticed in tensile strength nor modulus. Even the reduction in 
strain at break can be seen when compared with RMPO, and this could mean 
that the concentration of POE-g-MA either is too low for this composition of 
recycled polymers, or it has interacted with a small amount of RPE present in 
the mixture too. POE backbone is a copolymer propylene-ethylene, and there 
is a high possibility that this interaction took place due to the miscibility with 
the RPE. The elastomer-based compatibilizers probably would slightly show 
preference for PE over PP [47,48]. Therefore, POE-g-MA could interact with 











 [kJ/m2] [GPa] [MPa] [%] [%] 
RMPO 6.5 ± 0.4 1.03 ± 0.11 23.2 ± 0.4 12.2 ± 0.3 25.6 ± 6.0 
RMPOIMB 4.4 ± 0.2 1.25 ± 0.08 22.1 ± 0.5 7.21 ± 0.5 11.9 ± 1.9 
RMPOMFC 4.6 ± 0.5 1.30 ± 0.11 20.9 ± 1.3 6.18 ± 0.7 8.27 ± 2.1 





between PP and PET, and PE and PET, making the amount of POE-g-MA 
insufficient for the prime interaction between PP and PET. 
For the samples RMPOIMB and RMPOMFC, the tensile properties remained as 
well intact, as only a little increase in tensile modulus can be noted, however, 
not significant. Altogether, it can be concluded that the addition of PET and 
applying the MFC concept did not contribute to an increase in the MPO 
mechanical properties, either because of the multi-component morphology, 
low interfacial contact between fibres and matrix, or insufficient concentration 
of the compatibilizer. 
 
8.6.3. Mechanical properties of RPPtalcIMB and RPPtalcMFCs   
 
The last set of samples are composites made with RPPtalc as the matrix 
(Table 8.10). RPPtalcIMB and RPPtalcMFC show the same behaviour as RMPOIMB 
and RMPOMFC, namely an increase in impact strength, while tensile properties 
remained unaffected. RPPtalcMFCPOEgMA gained little improvement in impact 
strength, but the rest of the properties are unchanged. Unfortunately, drawing 
MFCs from RPPtalc and PET does not contribute to improved properties.  
To obtain significant improvements, the composition ratios could be 
adapted, increasing the percentage of the compatibilizer or even changing the  
type of compatibilizer; but still, the question is – what would be the added 
value of increasing concentrations of expensive additives? In this case, the 
manufacturers would probably add more talc to reach the desired properties for 
the final application. 
 
Table 8.10. Mechanical properties of the RPPtalc, RPPtalcIMB, RPPtalcMFC, RPPtalcMFCPOEgMA. 
 
In general, the type of reinforcements, as well as their aspect ratio are of 
huge importance. In this composite, both rigid (talc) and flexible (PET fibres) 
reinforcements were present. Obviously, due to differences in their individual 
behaviours, they might compete during sample deformation which could 
contribute to a reduction of the properties of the MFCs. Hence, the addition of 











 [kJ/m2] [GPa] [MPa] [%] [%] 
RPPtalc 4.2 ± 0.2 2.1 ± 0.09 23.9 ± 0.7 4.6 ± 0.1 11.3 ± 0.2 
RPPtalcIMB 2.7 ± 0.1 2.2 ± 0.12 22.9 ± 0.4 2.8 ± 0.1 3.47 ± 0.3 
RPPtalcMFC 2.8 ± 0.1 2.2 ± 0.08 22.4 ± 0.6 2.7 ± 0.1 3.33 ± 0.3 






Figure 8.11. Tensile behaviour of recycled matrices and MFCs. 
 
In the end, Figure 8.11 summarises the tensile behaviour of the recycled 
matrices and MFCs. It can be noticed that the most optimal stress-strain 
behaviour was achieved for the samples RFMFC and RFMFCPOEgMA in terms of 
high strength and strain at break. RMPOMFCPOEgMA kept the same level for strain 
at break, while the achieved strength was lower, and RMPOMFC, 
RPPtalcMFCPOEgMA, and RPPtalcMFC achieved the lowest values. 
It may be concluded that the type of the matrix and its viscosity play an 
important role in these composites, besides the reinforcement and its 
aspect ratio. However, this research presented the preliminary experiments 
and results on recycled mixtures, which were set according to previous studies 
done with virgin materials. Although the results achieved are not outstanding 
as it was expected with the application of the MFC concept, there is a place for 




This chapter presented the MFC concept as a possible solution for the 
upcycling of recycled materials. The aim of this chapter was to improve the 
properties of  recycled matrices by incorporating PET microfibres as 
reinforcement. For this, three different matrices were studied: bilayer PP/PET 
film, MPO, and talc-filled PP. 
SEM microscopy confirmed a high level of coalescence present in RFIMB, 
due to the low viscosity of the recycled blend. In RFMFC, uniform dispersion 
and distribution of the microfibres were confirmed, but with larger fibre 
diameters, while the average fibre diameter reduced in the compatibilized 





IMBs and MFCs has been shown, which confirmed the heterogeneity of these 
composites. A microfibrillar morphology was present in all MFC samples; 
however, it was shown that drawing of the dispersed component strongly 
depends on the type of matrix and its MFR. Hence, it can be concluded that 
the viscosity ratio of the blend is the key factor for forming uniform and fine 
fibrillar morphology.  
The crystallisation behaviour was studied by DSC, and it has been shown 
as quite complex to interpret multi-material systems. It was demonstrated that 
PET fibres do not have any influence on melting behaviour and crystallinity in 
composites based on RMPO and RPPtalc, probably due to the presence of the 
RPE component which already acted as a nucleating agent for RPP. In the case 
of RFMFCPOEgMA, a significant increase in crystallinity was detected due to 
heterogeneous nucleation of both PET fibres and isolated compatibilizer 
particles, which agrees with the studies done on virgin MFCs. Furthermore, 
the talc present in PP has a stronger nucleating effect than the high aspect 
ratio PET fibres. 
Unfortunately, mechanical results were quite disappointing as almost no or 
little improvement was achieved in recycled IMBs and MFCs. The MFC 
concept was considered to be used for mixed polymer waste to improve the 
original properties of recycled materials. However, it has been shown that the 
MFC concept does not contribute specifically for the recycled materials here 
investigated. According to the presented results, it can be concluded that PET 
fibres, as reinforcement, in combination with these recycled materials did not 
show effectiveness, especially, with RMPO and RPPtalc used as matrices. The 
reduction in mechanical properties might be a consequence of several issues: 
• possible thermal degradation of the polymeric components; 
• suboptimal viscosity ratios, which affect the mixing and drawing of 
fibres; 
• unsuitable composition ratios; 
• insufficient addition of the compatibilizer; 
• combination of flexible PET fibres with rigid reinforcement talc. 
Thus, future research should focus on solving these issues and finding optimal 
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Conclusions and Future Research 
This chapter summarises the key findings of this doctoral dissertation. 





MFCs are considered an interesting class of new and environment-friendly 
fibre-reinforced composites. It is well known that polymer-polymer 
composites have already found their place in numerous applications, and 
researchers look towards new methods to improve the mechanical properties 
of polymer-based composite materials. The relationship between the structure, 
processing, and properties is of crucial importance for designing polymeric 
materials. 
Therefore, this doctoral research has studied the structure-properties-
processing relationship of PP/PET MFCs, addressing these four research 
questions: 
v. How do the properties of MFCs change upon application of different 
cold draw ratios? 
vi. What are the optimal processing parameters used in MFC 
production?  
vii. What is the effect of the addition of elastomers and elastomer-based 
compatibilizers at different steps of the MFC manufacturing on the 
morphology and mechanical properties of MFCs? 
viii. Can the MFC concept be applied to novel applications such as 
thermoforming and the upcycling of immiscible recycled PP/PET 
blends? 
   
To be able to answer the first research question - How do the properties 
of MFCs change upon application of different cold draw ratios? - the 
development of microfibrillar morphology during the second processing step 
(fibrillation) and the thermo-mechanical properties were investigated in-depth.  
The main focus was on the deformation of the dispersed component and 
formation of the fibrillar structure. Results have shown the presence of the 
coalescence phenomenon during the fibrillation step; this step is considered to 
be of crucial importance for obtaining the long microfibres. Further on, it was 





microfibres decreased, which has affected the thermal and dynamic 
mechanical properties. PET fibres slowed down the decomposition rate of the 
MFCs, especially in the samples with lower draw ratios, where a good 
dispersion of the PET fibres was present. It is known that very long fibres have 
a tendency to break up during the post-processing step (isotropization), as they 
are too thin to withstand the high shear stress during injection moulding. 
Therefore, the breakup may affect the aspect ratio of the fibres and their final 
distribution within the matrix. Moreover, the crystallisation behaviour of the 
PP matrix in the MFCs was significantly affected with the variation of the draw 
ratio. PET microfibres act as strong heterogeneous nucleating agents for PP; 
therefore, the crystallisation temperature of the PP matrix was enhanced. 
Besides, DMA results gave an additional insight into the quality of these MFCs 
such as the adhesion between the matrix and microfibres, damping behaviour, 
as well as on the properties as a function of temperature. The highest values 
for storage and loss modulus were achieved in the case of MFC drawn at DR12. 
The presence of oriented and high aspect ratio fibres in this sample contributed 
to the higher damping values, which was an indication of a high interfacial 
contact between the matrix and the reinforcing fibres. Thus, it was concluded 
that thin and long microfibres have a positive influence on the thermal and 
dynamic mechanical properties of the MFCs, due to their high nucleating 
effect on the PP matrix and increased interfacial adhesion between matrix 
and fibres.  
Further on, the focus was on studying the influence of the processing 
temperature on the final morphology and properties of wt 70/30 PP/PET MFCs 
drawn at DR4. The purpose of this study was to find what are the optimal 
processing parameters used in the MFC production. Three different 
injection moulding temperatures were applied: 210, 230 and 280 ºC. MFC 
processing at the highest Tim (280 ºC) has contributed to loss of the 
microfibrillar structure, due to re-melting of the PET fibres at that temperature, 
while the microfibres in the MFCs processed at lower temperatures (210 and 
230 ºC) were well-preserved. The mechanical behaviour of the MFCs was 
significantly influenced by the microstructures achieved in the samples 
processed at different temperatures, pointing out the importance of process 
optimisation. The samples obtained at elevated temperatures have shown 
inferior properties, due to deformation (or re-melting) of the PET fibres and 
their coalescence. Although the MFCs have been only drawn at DR4, an 
increment in mechanical properties when compared to IMBs was noticed, 
showing that PET fibres have a good toughening effect on the PP matrix. Based 
on these findings, it was concluded that controlling the temperature during 





known factors like controlling the size of the dispersed component during 
melt blending, cold draw ratio during the fibrillation step, and adhesion 
between the matrix and reinforcement.  
Further research steps were assembled according to the hypothesis 
postulated by Fakirov et al. [1] in which it was proposed adding the 
compatibilizer only during the isotropization step. Hence, the new research 
question was composed - What is the effect of the addition of elastomers 
and elastomer-based compatibilizers at different stages of the MFC 
manufacturing on the morphology and mechanical properties of the 
MFCs? The focus of this study was to investigate the influence of additives 
added in different steps of the MFC production and show the optimal 
combination for achieving an increment of the final properties. Two additives 
were used: a non-functionalised elastomer (POE) and a functionalised 
elastomer (POE-g-MA). SEM and POM were used to investigate the effect of 
their addition in different processing steps (extrusion and injection moulding). 
Microscopic observations showed a three-component morphology in MFCs 
containing POE (MFCPOEext and MFCPOEim), which was expected as POE does 
not possess any functional group to react with PET. The same morphology has 
been observed in MFCPOEgMAim as the compatibilizer obviously did not react 
with PET fibres because they were in a solid-state during the isotropization 
step. As specified by Fakirov et al. in their study, the addition of the 
compatibilizer during the isotropization step did not reduce the aspect ratio of 
fibres; however, their dispersion and distribution did not improve, neither an 
improvement in the mechanical properties was detected. Even though lower 
aspect ratio fibres were observed in MFCPOEgMAext due to the presence of the 
compatibilizer added during the extrusion step, the mechanical analysis 
showed a significant increase in the strain at break, as well as an increase in 
both tensile and impact strength for this sample. SALS and DSC have 
confirmed that PET microfibres and elastomer-based additives are good 
nucleators for PP, as the PP spherulites drastically decreased in size for all the 
MFC samples. The research results are in contrast with the hypothesis 
reported by Fakirov et al. as it was demonstrated that PET short fibres 
can act as excellent reinforcements for the PP matrix achieving the best 
mechanical properties. 
The last investigation steps were based on the question - Can the MFC 
concept be applied to novel applications such as thermoforming and the 
upcycling of immiscible recycled PP/PET blends? Therefore, a novel 
method for the isotropization step in MFC production was developed. Hence, 
sheet extrusion and thermoforming were used instead of injection moulding, 





to notice that the PET microfibres retained a high level of orientation within 
the PP matrix in sheetMFC after the isotropization via extrusion. SALS 
confirmed reduced PP spherulite sizes in all MFC samples, particularly in 
sheetMFCPOEgMA due to addition of POE-g-MA which acted as an additional 
nucleating agent besides the PET fibres. However, there were no significant 
differences between the PP crystal sizes achieved by injection moulding and 
extrusion, meaning that the final processing step does not affect the crystal 
growth. Both non-compatibilized and compatibilized MFC sheets were 
successfully thermoformed into trays; however, during thermoforming, a 
better thermoformability was noticed for the sample sheetMFCPOEgMA due to the 
presence of the elastomeric compatibilizer. The mechanical characterisation 
has demonstrated a significant increase in the yield strength and strain at 
break for the sample sheetMFCPOEgMA, which resulted in a better sag resistance 
during the heating of the sheet. In this sample, both compatibilizer and PET 
fibres acted as nucleators affecting the crystallisation behaviour of the PP 
matrix, which is also important for the formability of the sheet. The cycle times 
were shorten and the warpage of the sheet was reduced, thus altogether 
contributed to better shape forming during the processing and aesthetics of the 
final product. According to this experimental work, it is understandable 
that the material should fulfil several requirements to be able to be 
properly thermoformed. Besides the yield properties and elongation at 
break, the control of the crystalline structure plays an important role. 
Thus, the use of fibres and compatibilizers which are known to have a 
great nucleating effect in semicrystalline matrices may be considered as 
an advantage for MFC sheets used in thermoforming. 
In the end, the MFC concept was tested as a possible solution for the upcycling 
of recycled materials. Three different recycled inputs were used: bilayer 
PP/PET film, MPO and talc-filled PP. The most often encountered problem 
with recycled materials is the immiscibility of the mixture and the inadequate 
melt flow during processing, due to the heterogeneity of the plastic waste. 
However, this dissertation has shown that the immiscibility of the blends 
represents an advantage for the MFC concept, while the flow of the recycled 
blend might be mitigated by variation the processing parameters during the 
processing (e.g. temperature set during extrusion process), as well as by the 
addition of compatibilizers. The presence of PET microfibres in all recycled 
MFC samples was confirmed by SEM. It was pointed out that the drawing of 
the dispersed component strongly depends on the MFR of the matrix, thus the 
viscosity ratio of the blend plays an important role in achieving a fine 
microfibrillar morphology. Furthermore, the mechanical results were 





MFCs. Thus, it may be concluded that the PET fibres did not show their 
effectiveness as an reinforcement for these recycled materials, as  they did for 
the virgin material. Several factors could cause the reduction in the 
mechanical properties of the recycled MFCs, such as possible thermal 
degradation of the polymers, suboptimal viscosity ratios of the recycled 
blends, unsuitable composition ratios, insufficient addition of 
compatibilizer, or the combination of flexible PET fibres with (rigid) talc. 
Although the outstanding results were not achieved for the recycled MFCs 
made from the recycled mixtures used in this study, still, the MFC concept can 
be considered as a solution to upcycle recycled materials. However, this field 
of study needs to be investigated in-depth. 
 
9.2. Directives for Future Research  
 
According to the presented work in this doctoral dissertation, several topics 
have been identified, which would be of importance to study in future:  
• Future research could focus more on the influence of viscosity of the 
blends. In this dissertation was pointed out that the control of the size 
of the dispersed component is very important for achieving an optimal 
fibrillar morphology. It is known that the viscosity ratio plays an 
important role in determining the size of the dispersed component, 
and it is generally accepted that low viscosity ratios will lead to 
smaller particle sizes and finer microfibrillar structure. Furthermore, 
the importance of the elasticity ratio between the dispersed 
component and matrix is neglected, although it is as equally 
important as the viscosity ratio. Higher elasticity of the matrix is 
considered to promote deformation of the dispersed component and 
their extension into fibres. The successful creation of the 
microfibrillar morphology is based on the physical and rheological 
properties which control the deformation of the dispersed component 
and guarantee particle-fibre transition. Therefore, investigation of the 
viscosity and elasticity ratios of the blends are of crucial importance 
for achieving high aspect ratio fibres. 
• Besides, studying the elongational viscosity would be an advantage 
for MFCs. This research would give an additional insight on the 
drawability of the polymeric components but also on the uniaxial and 
biaxial deformations that are present, for example, during the 
extrusion and thermoforming of MFCs. 
• The effect of the flexibility of the microfibres on the development 





as it determines the level of fibre breakage which may affect the 
rheological properties of the MFCs. Under the zero shear, the fibres 
are randomly distributed and entwisted in the matrix, while 
undergoing a shear flow they straighten and orient. It is considered 
that fibres with different flexibilities may influence the melt elasticity 
and viscosity. Therefore, it would be of huge importance to study the 
differences of MFCs obtained from rigid and flexible reinforcing 
fibres. 
• Further on, it might be interesting to study the prediction of MFC 
properties. Tsai-Hill criterion was found as the only method being 
used to predict mechanical properties of the MFC composites, 
although the MFCs do not cover all conditions, as the criterion has 
been developed for unidirectional fibre-reinforced composites. 
However, mean-field homogenization method could bring a better 
insight in the case of MFCs than Tsai-Hill criterion because any type 
of composites containing reinforcements either spheres, ellipsoids, 
plates, short or long fibres could be studied. This type of methods may 
even encompass random fibre orientation and fibre breakage. 
Additionally, future innovations in the field of MFCs can be expected 
regarding different final applications. Optimisation of the extrusion and 
thermoforming process for the MFC concept (the effect of processing 
temperature, different time exposures of the materials, and the mould 
design) could bring it to the industrial application level e.g. for food 
packaging applications. In this case, the investigation of other functional 
properties like barrier properties (e.g. gas, moisture, heat resistance), also 
considering the food contact regulations, must be taken into 
consideration. Although the current commercial use of MFCs might be 
limited, the introduction of new environmental regulations, especially those 
regarding recyclability, may provide a boost for MFCs. As their fibres are 
thermoplastics just like the matrix, these plastic-plastic composites can be 
recycled quite readily, as opposed to glass- or carbon-fibre composites in 
which it is not only challenging to separate the matrix from the fibres, but the 
composites are known to be quite abrasive to the recycling equipment itself. 
As such, it could be expected that the adaptability of the MFC technology for 
the recycling of polymer blends will bring MFCs into sectors like automotive 
or building and construction. 
Hence, further research within upcycling of mixed plastic waste using the 
MFC concept could focus on: 
• Various factors such as viscosity of the recycled materials, presence 





the degradation should be taken into consideration during the 
selection of recycled materials for re-processing. During the product 
life-cycle, materials are exposed to external factors (UV, oxygen, etc.) 
causing their photo-degradation, which may result in deterioration of 
properties. Hence, a careful analysis of the recycled plastic waste is 
needed to suppress issues which may occur during re-processing. 
• Investigation of different grades of recycled materials used for 
MFC preparation. The level of purity is very important when the 
recycled mixture is used as an input in the MFC production. Presence 
of various contaminants like impact modifiers, UV-stabilisers, 
inorganic particles, or chemically different polymers cannot be 
neglected. The heterogeneity of the mixture may give rise to problems 
during re-processing, particularly during the fibrillation step, as the 
viscosity and elasticity of the recycled blend can be affected. 
Moreover, the stress transfer between the reinforcement and the matrix 
may be reduced in multi-component blends, which as a result give a 
recycled MFC with poor properties. However, cautiously selected 
recycled grades with taking into account their origin and application, 
physical and rheological properties, MFCs with optimal 
microstructure and properties might be achieved. 
• Use of different chain extenders besides the compatibilizers could 
bring a new insight within the topic of recycled MFCs. Although the 
compatibilizers are known as excellent additives for mitigating the 
immiscibility of the polymer constituents in both virgin and recycled 
mixtures, the chain extenders might be more effective due to the higher 
number of reactive groups in their chemical structure. Thus, for 
degraded plastic waste, where scission of the polymeric chains took 
place, a promising solution could be their extension by this type of 
additives.  
• Evaluation of the required extra processing step - fibrillation: 
o Cost-Benefit Analysis – of novel processing techniques is 
necessary to summarise all the experimental results, by 
clearly pointing out the costs and benefits associated with the 
studied processes compared to the current practice available 
in the industry. If the novel pathway for the processing of 
recycled materials would produce products with higher added 
value, allowing cost recovery and climate change mitigation, 
it would be meaningful to quantify costs and benefits 





o Life Cycle Assessment – would evaluate the material, energy  
and environmental implications of the MFC process.  
It should be taken into consideration the environmental 
impact from recycling the plastic waste (level of reducing the 
CO2 and other greenhouse emissions from plastic), as well as 
from incineration through the life cycle assessment.  
Further on, the preparation of micro- and nanofibrillar single polymer 
composites [4,5] might be an even better solution than drawing polymer-
polymer composites. In single polymer composites, the matrix and 
reinforcement are chemically identical, thus a very good adhesion can be 
expected with almost no interfacial separation between components, which 
may result in higher mechanical performances of these composites. This 
approach could be applied to one type of recycled material (e.g. PP) but 
collected from different waste streams. In this case, the problem of interfacial 
separation between components would be avoided, thus products with 
improved properties for higher quality applications could be obtained.   
In the end, it could be worth trying to investigate the effect of aging and 
the recyclability of the MFCs, and evaluate their properties after re-
processing [6], as it was not widely studied. The purpose of this study could 
be a replacement of existing polymer blends in the market by recyclable MFCs, 




[1] Fakirov S, Bhattacharyya D, Lin RJT, Fuchs C, Friedrich K. Contribution of coalescence 
to microfibril formation in polymer blends during cold drawing. J Macromol Sci Part B 
Phys 2007;46 B:183–94. https://doi.org/10.1080/00222340601044375. 
[2] Xie L, Xu H, Chen J-B, Zhang Z-J, Hsiao BS, Zhong G-J, et al. From nanofibrillar to 
nanolaminar poly (butylene succinate): paving the way to robust barrier and mechanical 
properties for full-biodegradable poly (lactic acid) films. ACS Appl Mater Interfaces 
2015;7:8023–32. 
[3] Kakroodi AR, Kazemi Y, Ding WD, Ameli A, Park CB. Poly(lactic acid)-Based in Situ 
Microfibrillar Composites with Enhanced Crystallization Kinetics, Mechanical 
Properties, Rheological Behavior, and Foaming Ability. Biomacromolecules 
2015;16:3925–35. https://doi.org/10.1021/acs.biomac.5b01253. 
[4] Fakirov S. Nano- and microfibrillar single-polymer composites: A review. Macromol 
Mater Eng 2013;298:9–32. https://doi.org/10.1002/mame.201200226. 
[5] Fakirov S. Nano-/microfibrillar polymer–polymer and single polymer composites: The 
converting instead of adding concept. Compos Sci Technol 2013;89:211–25. 
[6] Jiang CH, Zhong GJ, Li ZM. Recyclability of in situ microfibrillar poly(ethylene 







APPENDIX A: Supporting Information for Chapter 2 
Table A1. Improvement of the mechanical properties of the different microfibrillar composites (MFCs) over their matrices and neat blends
   Improvement % over neat matrix or neat blend 



















PP/PET[113] 85/15 CDR 8 IM PP ↑31 ↑8 ↓5 ↑40 
PP/PET[8] 70/30 CDR 8-11 CM PP ↑77 ↑50 ↓8 ↑50 
PP/PC[114] 80/20 CDR 15 GAIM PP ↑133 ↑34 ↓99 - 
HDPE/PET[71] 75/25 HSR 25.6 IM HDPE ↓62 ↑30 ↓50 - 
HDPE/PC[115] 80/20 HSR 20 CM HDPE ↑202 ↑1 - - 
HDPE/PC[115] 80/20 HSR 20 GAIM HDPE ↑252 ↑68 - - 
HDPE/PA[116] 80/20 CDR 7 MIM HDPE ↑36 ↑29 ↓83 ↓18 
LDPE/PET[109] 75/25 CDR 6-8 IM LDPE ↑200 ↑44 ↓63 - 
LDPE/PET[109] 85/15 CDR 6-8 IM LDPE ↑146 ↑39 ↓63 - 
PA/PET[33] 70/30 CDR 4 IM PA ↑180 ↑53 - - 
PA/PET[33] 50/50 CDR 4 CM PA ↑360 ↑348 - - 
PP/PET[113] 85/15 CDR 8 IM PP/PET ↑27 ↑35 ↑33 ↑69 
LDPE/PET[109] 75/25 CDR 6-8 IM LDPE/PET ↑24 ↑41 ↓33 ↑21 





APPENDIX B: Supporting Information for Chapter 3 
 
3.1. Materials Datasheets 




PP 575P is specially developed for producing rigid injection molding articles 
for general purpose applications. It gives consistent processability and high 
gloss in the products. 
 
Typical Applications 







Barrel temperature range: 200 - 225°C 
Mold Shrinkage: 1.2 - 2.5% depending on wall thickness and processing 
conditions 
Mold Temperature: Normally 15 - 40°C, upto 65°C for thick parts. 
 
Food Regulation 
PP 575P is suitable for Food contact application. Detailed information is 
provided in relevant Material Safety Datasheet and for additional specific 







Storage and Handling 
PP resin should be stored to prevent a direct exposure to sunlight and/or heat. 
The storage area should also be dry and preferably don’t exceed 50°C. SABIC 
would not give warranty to bad storage conditions which may lead to quality 
deterioration such as color change, bad smell and inadequate product 
performance. It is advisable to process PP resin within 6 months after delivery. 
 
LIGHTER C93                                                                                       
Polyethylene Terephthalate (PET) Resins 
 
LIGHTERTM resins are polyethylene terephthalate produced from PTA and 
MEG. These polymers are specifically designed for the production of beverage, 
food and other liquid containers and for thermoforming. There are several 
LIGHTER PET polymers, designed for the specific performance requirements 
of different applications, including very good mechanical properties, excellent 




LIGHTER C93 is suitable for the production of both mineral water and 
carbonated soft drinks bottles. LIGHTER C93 is recommended also for the 
production of extruded thermoformable sheets. 
LIGHTER C93, when used unmodified and processed under good 
manufacturing practices, should allow packaging article production in 
compliance with the laws and regulations for articles in contact with foodstuffs 





contact your nearest Equipolymers office regarding food contact compliance 
statements. The purchaser remains responsible for determining whether the use 














3.2. Sample Preparation 
3.2.1. Preparation of injection moulding blends (IMBs) and 
microfibrillar composites (MFCs) 
 
The temperature of the convection oven was set at 200ºC, but the stretching is 
happening just slightly above the Tg of PET as the stretched sheet only retained 
a couple of seconds in the oven. We have detected the surface temperature of 
the sheet during drawing by infrared measurements. These experiments proved 







Figure B1. IR image of the sheet PP/PET during drawing. 
 
3.3.1. Structural Characterisation 
 





APPENDIX C: Supporting Information for Chapter 4 
 
4.5. Dynamic mechanical properties of MFCs 
 
 
Figure C1. Temperature dependence of the viscoelastic parameters for neat 
PP, PET and MFCs at DR 4, 8 and 12 at a frequency of 0.1 rad/s. Loss 












APPENDIX D: Supporting Information for Chapter 5 
 




Figure D1. POM micrographs of PP matrix: a) from skin to core of the 








Figure D2. Comparison of flexural modulus of PP IM, IMB and MFC at 
different injection moulding temperatures (210, 230 and 280ºC). 
 
Figure D3. Comparison of flexural strength of PP IM, IMB and MFC at 






Figure D4. Comparison of impact energy of PP IM, IMB and MFC at 
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6.2.2. Crystalline Morphologies 
 
Figure E1. SALS patterns of the samples. 
 






Figure E3. Reaction between MA and OH-group. 
 
Figure E4. DSC graphs of POE pellets 
 






APPENDIX F: Supporting Information for Chapter 7 
 
7.3. Microstructural Development of MFC sheets 
 
Figure F1. Linear viscoelastic response of PP and PET: complex viscosity 
(η*). 
 






Figure F3. Raman spectra of PET sheet. 
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8.5. Thermal properties 
 
 







Figure G2. DSC thermograms of RFMFCPOEgMA. 
 
 






Figure G4. DSC thermograms of RMPOIMB. 
 
 






Figure G6. DSC thermograms of RMPOMFCPOEgMA 
 
 







Figure G8. DSC thermograms of RPPtalc 
 
 






Figure G10. DCS thermograms of RPPtalcMFC. 
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